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1. INTRODUCTION

In preparation for anslysis of the CRRES databases (10 be taken from 1990 to 1995) and, in
particular, for an updated static radiation belt model, a comparison has been made of four
magnetospheric internal magnetic field models. Since there is interest in radiation belt
models out to geosynchronous altitudes, it will be necessary to consider the external magnetic
field models as well, but for now just the internal models will be discussed. The four models
reviewed here are Barraclough, MAGSAT, IGRF 1985, and Cain. Each of these has an
optimal time period associated with it: Barraclough 1975, MAGSAT 1980, IGRF 1985, and
Cain 1990.

In the subsequent sections of this report, the derivations of these models will be summarized.
They are all based on the spherical harmonic expansion of the magnetic field's scalar
potential. The data used to determine each set of coefficients will be briefly discussed. Then
ihie models will be evaluated by comparing the magnetic field and L-shell values obtained
from each of the models. Finally, various computer codes which use these models to
evaluate the field and L-shell, will be compared and evaluated in terms of their performance

(i.e. accuracy and speed).

~Aprimary concern for radiation belt models is reduction of the number of binning
parameters by using B-L coordinates [Mc[Lwain, 1961). Thus, these four models were
compared on the basis of the total magnetic field, its components, and L-shell values
determined from each model's unique set of spherical harmonic coefficients. The
comparisons were made to high latitudes (+75° in geographic coordinates), over all
longitudes, and over  large altitude range (0 km - 40,000 km). This was done in the interest
of completeness. However, the CRRES:orbits will fall within a latitude range between +20°.
Also, beyond approximately 15,000 km the magnetic field due to external sources becomes
significait. Thus, the focus of the analysis of lhae. models will be within more limited
latitude and altitude ranges. o /

U

o) i,
NI . A
In addition to the analysis of the models themselves :(he software i1 which they are used has” 4, 4, 3 -,.

been reviewed as well. There are essentially four which have been considered, two of —+—_

which are currently in use at the Geophysics Laboratory (GL) and two of which were sent By | T ,n-',, )

Dr. J. C. Cain. The two codes at GL are OPTRACE and HMIN. OPTRACE is a more -
extensive package than HMIN. Initially, OPTRACE was used in the model comparisons.
However, when the codes themselves were to be evaluated, a modified version of HMIN was
used 1o give a more accurate. compariscn of the CPU requirements uf each of the codes.
These codes trace alony the field line in cartesian corrdinates. The two codes sent by Cain
were reconstructed from work done by Kluge in the early 1970s. One of these integrates
over the field line to find L using inw,tse coordinates centered on the dipole. This package
will be referred to as Kluge/Cain Integration. The other package is a short routine which
uses interpolation tables based on the Cain 1990 model as evaluated by Klugz/Cain
Integration to find L for a given geographic point. This code will simply be refersed to as
Interpolation to avoid confusion with the other Kluge/Cain package.

The models were compared primarily to determine if there are experimentaily significant
differences which may affect how the data should be handled from CRRES. The primary
model currently in use is the International Geomagnetic Ro%erence Field Revision 1985
(IGRF 1985). However, a more recent paper by Cain reports & “jerk" (discontinuity) in the
secular variation of the field in 1983. This is not accounted for in the secular variation
coefficients of the IGRF 1985 model. Thus, Cain has ¢ ived a model for epoch 1990 which




does account for this jerk. In the magnetic field and L-sheli comparisons, no significant
cffect was seen due to this jerk. Cain'’s model agrees quite well with IGRF 1985 extrapolated
o 1990. The discrepancy arising from this jerk should become more apparent in future
epochs. However, by the time this occurs, IGRF will have been revised with data extending
beyond that which Cain used. Thus, this question will be resolved. For the time period
ronsidered here, the difference is not found o be significant.

‘The sostware was evaluated to determine the most efficient code. The GL codes use various
numerical techniques to integrate over the ficld line in Cartesian coordinates to determine B
and L. These techniques have been reviewed for accuracy and speed for both the SCATHA
and CRRES satellite projects. The Kluge/Cain work uses inverse coordinates centered on
the dipole so that the integration i performed over a straight line rather than a curve. This
significantly reduces the compuiation time. Interpolation reduces it even further, However,
the Interpolation routine as it now stands is only valid for the epoch for which the tables
were zenerated. In order to obtain the same flexibility in epoch that one has with the
integration technigues, tables for other epochs must be generated and 2 method of
interpolation betwean the tables must be used.

‘The Iaterpolation routine was found to be the fastest. However, the tables were determined
using Kluge/Cain Integration which incorporated a twenty year old value of the dipole
moment. The dipole moment is decreasing over time. In the course of two decades, it has
dropped enough to produce significant differences in the L-shell values. Thus for 1990, it
would be useful to gznerate interpolation tables using the current dipole moment. Then one
would be able to take advantage of this rapid technique to find L for a Jarge set of data
points.

The results from Kluge/Cain Integrstion agree well with those from OPTRACE and HMIN.
It is a faster routine than those currently in use at GL. It is possible to use this technique
with external model routines. So for cases where only a few points are required, or when
one is interested in the magnetic field values, or until the revised interpolation tables are
produced, this may be the code to use.




2. DESCRIPTIONS OF TIE MODELS

2.1 OVERVIEW

The four models which are compared are IGRF 1988, Cain 1990, MAGSAT 1980, und
Barraclough 1975, IGRF 1985 is used ns the standard modz! 10 which the others are
compared. ‘This is becuuse it is the model released by ihe International Association of
Geomagnetism und Acronomy and is the nne which is most widely used tor current epochs.
Cain 19X is considered here because of u possible disconiinuity its authors found in the
sectlur variation in 1983, ‘This discontinuity was not incorporated in the IGRF 1985 mukel.
Henee, #s one approaches 1990, significant errors may arise {rom IGRF 1985 due to its
handling of the sccular variation, MAGSAT 190 is presented beciuise the basis of this
miexkel is satellite data. The MAGSAT satellite was specifically designed for the purpose of
pathering high quality data with good global coverage 10 be used in determining the Enrth's
magnetic fickl, Previous models have all been developed using ground-bused data,  Note, the
OGO series of satellites in the 1960's were used in modeling the Sekd, but not to the same
extent as MAGSAT. Barraclough 1975 is presented because it is a model which has been
used at GL for years. ‘Ihus, it is of interest to those who have used it in the past and are
familiar with it

1GRF 1985, Cain 1990, MAGSA'T 1960, and Bavsuclough 1975 are all models determined by
ntting data (ground-based and satellite) to a mathematical model.  Guuss {1839] found thut
the Farth’s magnetic fickl could be expressed us the negative gradient of & harmonic scalar
potentinl. “This representation of the field will be discussed. ‘Then the data tised 1o obtain
the four models will be briefly described,

Note, there are other ways (0 represent the fiekd. Stern [1976]) reviews five groups of fickl
representations: a) those based on current density, b) those using a magnetic scalar potential
{e.p. Gauss), ) poloidal und toroidal fickls, d) Euler potentials, and ¢) local expansions of
the fick! given a reference point. In a subsequent review paper by Backus [1986), a strong
vase is made for using poloidal and toroidal fickds (the Mice representation) rather than the
Gaussian representation. ‘This is because Gauss assumes a current-free ficld. However, when
wing satellite data, this assumption is not valid,  lijima and Potemra [1976]) observed fiekd
abgned currents at 800 km in the auroral zone. Even on quict days, these led to magneiic
jrerturbations of several hundred nunotesla.  Backus presents in detuil the Mie representation
of the magnetic ficld in a spherical shell. ‘This particular representation lends itself to
combining sutellite data with ground-based observations.

However, the Gaussian representation is still the most widely used for internal fickd models.
For low latitudes and altitudes, the Gaussian representation of the internal fields is adequate.
‘The four models considered in this report are all spherical harmonic expansions of the
magnetic scalar potential. The alternate representations mentioned may be of interest,
particularly when considering external field contributions as well as ilic internal ones, but are
not the focus of this report.




2.1.1 Derivation of the Main Field and Its Components

Assume the main fickd can be expressed us the negative gradient of a scalar potential (V)
which is a solution to Luplace’s equation V2V = 0. Then in spherical polar coordinates, this
solution may be written as a series expansion in spherical harmonics:

N
V = aX (wr)rt! g (g2 cos m\ + W2 sin mA) P2(cos D)
n=] m=0

where

m mean Earth radius

= distance from Earth’s center

m peocentric colatitude (measured from the geographic north pole)
m Jongitude (measured east from Greenwich)

m Legendre polynomial of degree n and order m

g5, b wm spherical harmonic coefficients that constitute the desired models

;270-1 -3

Note, several different normalizations are used with the Legendre polynomials. The models
presented here use Schmidt normalization. ‘This correlates the magnitude of a term with its
contribution to the field. Hence, the coefficients decrease with increasing n since the lower
order terms contribute the most o the field (at least near the Earth's surface). ‘There is no
systematic variation with m for any given n. Other normalizations may be obtained by
multiplying the Legendre polynomial by some factor, then dividing the corresponding
coefficient by the same factor. Thus, V remains unchanged [Stern, 1976].

One may then get the geocentric components of the main field, B=-YV, by partiul
differentiation of V:

X = Bg= (I/r){8V/%0)
Y = By= (-Ur sin0)(8V/aN)
Z = -B= BVfir

where, X is the northward component, Y is the eastward component, and Z is the radially
inward component of the field. ‘The other geomagnetic components are related to X, Y, und
Z by:

D = declination = arctan(Y/X)
I = inclination = arctan(Z/H)
H = horizontal intensity = (X2 + Y2)12
F = total intensity = (X2 + Y2 + Z2)I2

In addition to finding the main field at a given time (epoch), one is also interested in
extrapolating any given model to other epochs. To do this, a secular variation (SV) model is
required. ‘This is found by assuming the coefficients have a linear dependence on time, eg, o
= 1ty + at, where a, is the coefficient at some initial time and t is in years. In some cases, 2
quadratic term (secular acceleration) is also included [Stern, 1976).
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2.1.2 ifodel Epochs ard Degrees of Derivation

Variations between the models are due to two factors: a) the data used, and b) the number of
coeliicients determined. Each of these models is centered on a different epoch, Barraclough
1975, MAGSAT 1960, IGRF 1985, and Cain 1990. They have also been derived to different
Jegrees, Barraclough N=12, MAGSATT N=G6, IGRF N=10, and Cain N=18,

‘The distinguishing qualities of the duta are when it was taken and how it was taken. ‘The
epochs given with each model reflect the date the model is best suited for. For MAGSAT,
the Jata used was centered around 1960. For Barraclough, the data was centered around
1465 then the model was projected to 1975, Similarly, IGRF and Cain were based on data
spanning the late 1970s to the early 1980s. These were then projected to 1985 und 1990.
Euach of the models uses a combination of data sources including, permanent observatories,
repeat stations, ship-towed magnetometers, and sateilite data.  Satellite data has only been
incorporated for the past two or three decades. The satellite "data”™ included in the
Barraclough model was actuslly generated from another model which was based on datn
from the OGO series of satellites. ‘Ihe quality of the data varies due to the global coverage
and the instrumentation used. For the ground-based data sets, the permanent observatory
Jduta is more accurate than the ship data. However, in order to adequately cover the globe,
ship data is essentinl. Most of the models correct for the variation in quality by using
weighting factors. ‘The MAGSAT satellite data is of particularly high quality. ‘This sutellite
was designed specifically 1o measure the magnetic field. ‘The one drawback to this data is
thut it only covers a time span of about six months. Thus, one must be careful that temporal
wariations in the data don't appear to be spatial. ‘These data are supplemented with ground-
bunsed data specifically to address this problem.

The other factor contributing to differences between the models is the degree and order to
which the models are derived. The higher the degres of the model, the more complex the
structure becomes. The core component of the field is seen primavily in the lower degree
terms and is the dominant component to about n=13. ‘The higher degree terms refiect the
crustal component to the field. These become dominant around n=15. ‘Thus, to most
accurately model the internal field with all its local variations, a model which includes high
degree terms is desirable. However, it may also be desirable to isolate the core component
of the field and neglect smaller features due to the crust. In this case, one would truncate
the coefficients at ng13. IGRF 1985 is truncated at n=10 for this reason. Barraclough and
Cuin acc limited to their respective degrees (12 and 15) due to the global coverage and
accuracy of inicic data. MAGSAT has such a high degree due to the superior globul coverage
of the satellite, combined with highly accurate observatory data and less accurate scalar data
available from remote regions.

2.1.3 High Latitude Limitations of the Models

Effort has been made to extend these models to high latitudes, but there are problems in
doing so. The models are derived by fitting the data to the mathematical model. Thus, to
obtain a reasonable model at high latitudes, one needs high latitude data. Clearly, data
coverage in these regions is not as complete as in Jower latitude regions. IGRF used vector
data to +50° and scalar data poleward of this. MAGSAT and Cain used data to within 7° of
the poles, then interpolated over these regions. Barraclough used data to 4859 Thus, one
must be careful when applying these models at high latitudes.




2.2 IGRF 1965

‘ihe International Geomagnetic Reference Field Revision 1985 (hereafter IGRF 1985) is the
product of the International Association of Geomagnetism and Aeronomy (IAGA) Division
I, Working Group 1. ‘This 13 member group has produced a series of mathematical models
of the Earth’s main geomagnetic field snd its secular vaniation. First adopted in 1968 and
now with the fourth revision there rire five IGRF models (1945, 1950, 1955, 1960 and 1985),
four “definitive™ models (DGRF 1965, 1970, 1975, and 1980), and a predictive model
projecting the secular variation 1985 to 1990 [JAGA, 1986]. The models which will be
discussed here are DGRF 1980, the predictive SV model 1985-1990, and IGRF 1985. Note
that the IGRF 1985 model was produced by applying five years of secular variation (1950-
1985) 1o DGRF 1960 [Barraclovgh, 1987).

In the fourth revision of IGRF, 23 models from five groups were submitted for models
ranging from 1945 to 190, For the models of interest here, the Working Groun truncated
the model GSFCMF80 (Goddard Space Flight Center Main Field 1960) by Langel and Estes
[1985] to n=1C and kept it as the DGRF 1980. ‘The secular variation model for 1980-1985
was the mean of models BGSSV82 (British Geological Survey Secular Variation 1982) Ly
Quina et al. [1987), IZMSV82 (Institute of Terrestriul Magnetism, Tonosphere and Radio
\Wave Propagation (IZMIRAN) Secular Variation 1982) by Golovkov and Kolomiitseva
[1987), and USGSSVET (United States Geological Survey Secular Variation 1987) by Peddie
und Zunde [1987a). ‘The predictive model for 1985-1990 is the mean of BGSSVS7?
[Darraclough and Kerridge, 1987), 1IZMSVE7 {Golovkev and Kolomiiteeva, 1987), and
USGSSVS7. Since the IGRF 1985 coefficients were determined by taking DGRF 1980 und
applying the secular variation for 1950-1985 to its coefficients, the derivation of the Langel
and Estes model for 1980 will be described.

2.2.1 The Main Field Model

Langel and Estes used the data from MAGSAT (November 1979 1o April 1980) plus data
from 91 magnetic observatories (1978 to 1982) for their model of constant coefficients
(Jegree and order 13) and secular variation coefficients (degree and order 10).

MAGSAT had an altitude range of 309-500 km with a sun-synchronous orbit at the
terminator (i.e. day-night boundary). Thus, data was only taken at dawn and dusk in local
time. ‘This was the first global vector survey of the near-Earth geomagnetic field. However,
ir: modeling the field using the gradient of the scalar potential, the field is assumed to b
curl-free. ‘This does not hold at satellite altitudes. MAGSAT passes through field-aligned
currents which have an effect on the field magnitude. To compensate for this, component
data was used only between £50° geomagnetic latitude. Above this, only magnitude data was
used.

Luangel and Estes also investigated local time asymmetries by modeling the dawn and dusk
data separately. They found significant differences between these two sets which they
attributed to an eastward equatorial electrojet which lies below the satellite. The electrojet
affected the dusk data at certain latitudes, but not the dawn data. ‘Thus, the dusk data was
corrected for B and X between +20° geomagnetic latitude, Y between 159, and Z between
+50° using the difference between the dusk and dawn potentials. This removes some of the
independence of the dusk and dawn data. A model of the electrojet itself would have been
the best way to correct the data, but one was not available.




The data were put into three temporal groups: November-Decernber 1979, January-February
1950, and March-April 1960. ‘The dawn and dusk data were separated and put into 5° x §°
equinngular bins. Residuals were computed from a previous madel and data which fell
outside the acceptable 7ange from these were rejected. Data wo selected from each bin
such that there were an equal pumber of points for equal arcas all over the globe.
Preference was given (0 dawn data and uncorrected dusk data w’2re dssible, with the
corrected dusk data used as necessary.  Data were also selected such that a good spread of
Dst values between £22.5 nT' was obtained to improve the analysis of the externat vickl. “The
Jdiata were esiimated to be accurate o 6n7T rool-sum-square {rss) in each component 2d o0
20T 1ss in the field magnitude.

In addition, observatory data from 91 stations (1978-1982) was obtuined from NOAA
National Geophysical and Solar Terrestrial Data Center 10 supplement the MAGSAT data.
The data were converted 19 X, Y, and Z in geodetic coordinites using an equatorial radius of
6IYR16S km and flattening of 298.25.

For each coefficient the standard error was determined as was the error between dawn und
correcied dusk models. As in any large statistical study, two sources of error ure present, one
in the data and the other in the uveraging process. ‘The errors derived only from the fit tend
0 underestimate inaccuracies due to model validity, improper estimates of data correlation,
and systematic effeets of non-core fields. Since the dawn set and dusk set have identieal
error characteristics except for the effects of the external fickds, the difference in their errors
reflect external influences while the coefficient standard errors reflect internal inconsistency.

2.2.2 The 1950-1985 Secular Variation Model

A secular variation model was then applied to DGRF to obtain IGRF 1985. Three
candidate models were submitted to the IAGA committee. Rather than selecting one mockl
over another, the committee decided to take the mean of all three and adopt that as the
1980-1985 secular variation model. The candidate models are BGSSV82, 1ZMSV82, and
USGSSVE7. Each of these will be briefly summarized below.

‘The BGSSV82 model [Quinn et al., 1987] was based on mugnatic observetory annual means
primarily from the World Digital Data Centre Cl in Edinburgh, supplemented with data
from World Data Centres A and B. Annual means from 172 observatories over the period
1969.5 10 1983.0 were used. ‘The secular variation was estimated by finding the first
differences of the component data. Linear fits to the data were computed using least squares
with weights varying linearly from 1969.5 (given a weight of 0.5) to 1983.0 (given a weight of
1.0). They found that a single line was inadequate to fit the data. This is due 10 a
discontinuity (or “jerk") in the secular variation in 1978. ‘Thus, they used two line segments
to fit the data. They obtained a model to degree n=8 with rms residuals of 5.8
nanoTeslafannum in X, 49 nTalin Y, and 2 nT at in Z

The 1ZMSV82 model [Golovkov and Kolomiitseva, 1987] was based on data from 160
observatories. To this they added data at 34 locations (generally ocean areas) to fill gaps in
the data due to the distribution of these observatories. The added data was generated from a
previous, model, IZMSV80. They graphically smoothed their X, Y, and Z data to obtain X,
Y, and Z. Using this technique, they tricd to account for some of the non-linearities in the
duta. They found rms residuals of 4.0 nT a’!, 3.5 nT a°l, and 4.6 nT a’! for X, Y, and Z,
respectively.




The USGSSVET model [Peddic and Zunde, 1987a] was based on data from 148
ubservatories over the period 1980 to 1982, The data consisted primarily of annual all-day
means (i.e. the mean of all the daily means for the year). When it was available for the
complete scries, quict-tay means were used. Thes ars the annual means based on the five
international quict days per month. ‘These are not available from most observatories. It is
preferable to use the quict-day means to reduce the external contributions to the seculur
variation models. A linear fit was made to the X, Y, acd Z components using unweighted
least squares. ‘The slopes of these lines were taken as the estimates of X, Y, and Z. ‘The
spherical harmonic analysis was then performed on these values. A model of degree n=$
was_found to be a good compromise between model size and goodness of fit with 6.1 n'l" )
in X, 53nTatinY,and 52 nT at in Z

223 ‘the 1985-1990 Secular Variation: Model

The secular variation model adopted by the IAGA committee was also a mean of three
models. ‘These three were essentially by the sume suthors as the models described previously
for the 1950-1985 SV model. ‘Ihese models are BGSSVET, 1ZMSVE7, and USGSSVS7. The
USGSSVS7 model was discussed in the previous section. ‘The other two models will be
briefly described below.

‘The BGSSVE? mode! [Barraclowgh and Kerridge, 1987] was obtained from data from 159
observatories taken from 1969.5 10 1963.0 . A linear fit to the data was made using weighted
leust squares. “I'wo line segments were required (o fit the data due to the jerk in 1978, ‘This
was the sume procedure as that used o generate BGSSVE2. ‘Then they synthesized X, Y,
and Z. for 1987 by extrapolating the linear fit assuming a constant secular acceleration from
1969.5 10 1987.5. ‘This extended data set vas then used to, get a model 10 degree n=8 with
rms residuals of 10.4 o' al, 10.1 n'T a°!, and 9.6 nT a'l in X, Y, and Z, respectively.

‘The 1ZMSV8T model [Golovkov and Kolomiitseva, 1987] used the IZMSV82 data set from
160 observatories., Then the predictive model was obtained by using a graphical
extrapolation of X, Y, and Z. They again filled the datz gaps in the occan regions, but this
time they used their 1982 SV model to generate the data. ‘This was to obtain a 1985
predictive model, this in turn was used to generate the data to fill in the gaps to obtain the
1987 predictive model.

2.2.4 Discussion

As pointed out by Golovkov and Kolomiitseva [1987), the SV models for 1985-1990 all have
very similar background data. ‘Thus, differences in the models arise due to how the non-
uniform distribution of the observatories is handled and how the data is processed. These
differences can be significant and can be indicative of the reliability of the model. These
authors compared the three candidate models for 1985-1990 and found that 1ZMSV87 and
USGSSV87 agreed quite well, whereas the BGSSV&7 model was not in such good agreement.

Similarly, Peddie and Zunde [1987b] looked at the three candidate SV models for 1985-1990
and compared them to data from 148 magnetic observatories. They assume that the present
rates of change will continue. Thus, their comparison was based on the most recent trend in
SV (1980-1983 at these observatories). They also found I1ZMSV87 and USGSSV87 agreed
fairly closely to the data whereas BGSSV87 did not agree as well.




Cain and Kluth [1987] also reviewed these models. ‘They looked at the differences of the
coefficients and the components X, Y, and Z between these moiels.  Again, BGSSV87 was
found to have poorer agrecment with the other two models than they have with each other.
BGSSV87 differed from the other two by up to 100 nT a'f, whereas 1ZMSV87? and
USGSSV87 agree to within 20 nT a*! everywhere except in the eastern Pacific.

Rather thar selecting one model over another for the SV model, the three candidate models
were averaged fogether 10 comprise the SV 1985-1990 model. ‘The three models were
apparently combined equally without any statistical weights. It is not clear why this was
done. No explanation was given by Barraclough [1987] in the report which describes what
the IAGA committee selected (note, Barraclough was the chairperson of this committee).

23 CAIN

While conducting an analysis of candidate models for IGRF 1985, Cain and Kluth [1987)
found what appeared to be a jerk in the secular change determined from the observatory
data in mid-1983. If this jerk is real, a question arises as to how well the IGRF 1985 model
might project to 1990. They concluded that the observatorics gave inadequate coverage to
ascertain whether this was a real phenomenon or not.  In fuct, they guestioned whether the
SV model based on these data alone give a reliable global estimate of SV at all. ‘Thus, they
decided to construct another seculur variation model based on the observatory data plus,
sealar data from ship-towed magnetometers and data from Project Magnet aircraft (from the
U. S. Naval Oceanographic Office).

‘They investigated linear and parabolic secular change models. As a starting point, they
truncated their n=66 MAGSAT model [Cain et al., 1988] 10 n=15. This was done due to
the limitations of the observatory, Project Magnet, and ship-towed magnetometer data sets.
These do not have adequate global coverage to generate a reliable model of such high
degree. ‘These additional data sets were used to determine u secular change model to
extrapolate MAGSAT to future epochs. Various secular variation models were derived with
a linear model (M8386L) giving the best projection of the field to 1990 [ Cain, 1987).

Note, in this section, only the derivation of the secular change model which is applied to the
MAGSAT model to obtain the Cain 1990 model is discussed. The derivation of the
MAGSAT model which is used here as the main field model will be presented in the
subsequent section of this report (2.3 MAGSAT).

2.3.1 Description of the Secular Variation Data

The observatory data came from: several sources, digital data at one and 2.5 minute intervals
and tabular data of hourly and annual means with absolute scale offsets (most of the time).
Most of the data was supplied by the National Oceanic and Atmospheric Administration
(NOAA) in Boulder, Colorado. Additional data was obtained from the World Data Center
B in Moscow. Plus, some data was sent directly from the magnetic observatories.

The observatory data needed to be put into a uniform format. Thus, they used hourly
overages when it was possible and supplemented these witk the annual all-day means. Cain
[1987] points out that the quiet-day means are preferable to the all-day means (the fcrmer
determine the annual mean using only the means from the five international quirt days,
whereas the latter uses all of the daily means to evaluate the annual mean). Howevzr, these




are not as readily available as the annual means determined from the all-day means. Data
was selected according (o following criteria. To maximize the amount of data while
minimizing Kp, Kp<2 was chosen as the cutoff for acoeptable data. Similarly, to reduce the
effects of diurnal variations, only data within four hours of local midnight was kept. To
account for external contributions 1o the field, the Dst correction was calculated from near
cquatorial H values. ‘There has not been a global determination of the zero-level Dst; thus
they assumed it is constant over the data set and that its average may be derived. To
simplify things somewhat, a ratio of internal to external effects equal to 0.28 was used. ‘This
may be 100 high for ¥r<2 and should be reconsidered. All of the data was expressed in
terms of the X, Y, Z components, with the incomplete vector data dropped, and each
component then corrected for Dst.

The Project Magnet data wert. provided by NOAA and by the Navy in five minute intervals.
It was binned by year and by areas equivalent (0 an equatorial 10° x 10° square. Only data
with Kpg2 were retained. Data within two hours of local noon were deleted.  Comparisons
were made 1o a previous model, with data differing from the model by more thun 400 n'T’
rejected.  Vector data was weighted and used along with the more accurate scalar data.  Dst
wais corrected for in the same manner as the observatory data.

The ship-towed data is a vast database. Hence, one could be selective about which data to
retain.  Values were selected for Kp<1* and within four hours of local midnight. Again the
Dst correction was the same as the rest and the binning was by year.

All the data was combined into a 40,000 record set.  All the observatory data was used with
the Project Magnet (vector and scalar) and ship towed (scalar) data filling in the rest.

2.3.2 Derivation of the Secular Variation Model

‘To obtain secular variation, the X, Y, and Z components are fit 10 a polynomial using least
squares. ‘Then the slope at a given time is determined to obtain X, Y, and Z. To make the
caleulations easier, the hourly averages were grouped into 10 day means. ‘The data set was
put into several test models to optimize weighting factors and to check the stability of the
solutions with the available data distributions. ‘The test models led 1o a final parabolic model
of degree n=7. ‘To find the best projection of the field to 1990, it was decided 1o use this
parabolic model to generate additienal data to compensate for the lack of available data
post-1983. ‘Thus, the real data from 1980 to 1983 results in the best model for this epoch,
while the calculated “"data” influences the secular variation after 1983, It is assumed that a
linear projection to future epochs is the best. Here, two linear models were obtained, one
for 1950-1983 (M80S3L) and the other for 1983 to the end of the data set (M8386L). These
models were derived to degree n=7 (stable solutions did not exist beyond this). The lutter
model gives the best projection to 1990.

Cain [1987] states M838GL gives the best projection to 1990. IGRF 1985 does not account
for the mid-1983 jerk, thus as one gets further away from 1983, it is anticipated that Cain
1990 will represent the field better than IGRF 1985. Project Magnet and ship towed data
are consistent with the post-1983 model and confirm the jerk detected in 1983 as well.
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24 MAGSAT

MAGSAT was a satellite which was placed in a sun-synchronous orbit in the dusk-dawn
meridian for the specific purpose of measuring the Earth's magnetic field (See Section 2.1.1).
Several people have used the MAGSAT database to derive magnetic field models. For tais
report, coefficients derived by Cain et al. [1989a) for an n=66 spherical harmonic expansion
have been used. This high degree is obtained by using the Neumann method of Gauss-
Legendre quadrature (ScAmitz et al., 1989]). Although the model goes 1o nm66, the set
available at GL only contains the coefficients to n=50. For computational expediency, one
may select a subset of this which has been truncated (9 n=15.

24.1 Description of the Data

Cain et al. [1989a] applied the Neumann method of Gauss-Legendre quadrature to the radial
components (B,) of the MAGSAT data.  Starting with a previous MAGSAT model, new
observatory data was added. To obtuin better secular change (SV) data, hourly values were
only selected within two hours of midnight and for a limited range beyond Kp=11, ‘These
were then corrected for Dst, averaged for each universal time day and converted to X, Y, Z
Using least squares, X, Y, Z were found. ‘The fit was good except at the North Pole due to
seasonal variations in the polar ionospheric currents, which lead to secular changes which are
higher than one expects from the internal field.

In order 10 minimize annual variations which arise in data sets taken over a short period of
time, data was added to expand the collection time of MAGSA'T. However, it was not
extended too far so as to avoid problems with the jerks in 1978 and 1983. Data from
MAGSAT was selected every 128th observation (roughly 50 km along satellite orbit). Only
alues where Kpg2t and which were within the 100 n'T" of the previous model were kept. Of
the 1,330,285 observations, half were lost 10 the Kp requirement uand 4478 were lost to the
100 nT requirement. Data were binned every 3° in longitude and into 64 latitudes (the rcots
of the n=64 Legendre polynomial). Using Sugiuru's computation of Dst, the data near the
equator were ocorrected.  Note, this does not acoount for a zero-level in Dst; thus, there may
be an offset to this correction. This computation was done only for near equator stations
and is not easily extrapolated to higher latitudes. So beyond the range of Sugiura’s
correction, a constant ratio of .28 for the internal and external terms was used to correct the
data for Dst contributions. This was checked via scatter plots of the correction versus
observatory hourly values when Kpg2t, and was deemed reasonable.

In getting the residuals, the average external term was canceled in taking the differences since
the average external term is calculated along with the internal terms. However, the average
induced internal field is still unaccounted for. Five percent of the data was divided into dusk
and dawn according to the local time of the observation and averaged by dip latitude.
Analysis of these, points to a meridional current on the dusk meridian of the Y component
[Maeda et al., 1985) and to a weak westward electrojet flowing at dawn below MAGSAT
altitudes in the E-region [Cain et al,, 1989a]. These were corrected for by using a simple
function of dip colatitude to reduce the peak scatter (by as much as 15 nT at some latitudes).

2.4.2 Results from the Model

Ultimately, 100 to 400 data values were averaged per block with standard deviations of the
means ranging from 3 nT to 40 nT with most under 10 nT. Using Neumann’s method on &
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data set with interpolated polar values, the same anomalies geen 5t 7=25 were still present,
hut more sharply focussed in this case. Beyond n=35, some of the features may be of
geologic significance [Cain et al., 1983, Cain et ol., 198%). However, projections to the
surface showed north-south striations which may be the result of inadequate noise reduction.
The low degree terms in this model were also adjusted to look at the core components
(n=11 to 14) which are cut-off in the n=10 models (i.c., IGRF and DGRF models). ‘This
technique makes 1t possible to obtain high degree models.

For the purposes of this report. small sample fields for 1980 were compared to see the
differences in L-shell coinputed from the n=50 model, n=~50 truncated to 20, and n=50
truncated 10 15. The differences in the tested areas were very small, on the order of 10% -
105 for low altitude and no difference for higher altitude (>1000 km). One sample point
showed a difference of .14 in J. which is significant. However, the increase in computational
time for the n=50 model did not seem justified for these comparisons. Thus, the model
g,lmmg:g;]o to n=15 was used in the comparisons with Barraclough 1975, IGRF 1985, and
ain 1990.

25 BARRACLOUGH

Barraclough et ol. [1975] derive three spherical harmonic models, the main field, the secular
vuriation, and the secular acceleration. ‘The main field model is composed of 168 spherical
harmonic coefficients to degree and order 12. The secular variation model has 80 coefficients
with degree and order 8. ‘The secular aceeleration model is comprised of the 26 most
significant coefficients.

2.5.1 General Description of the Data

‘The main field coefficients are Schmidt quasi-normalized in nano-Tesla. ‘They were derived
from five data sets: survey, observatory, oceanographic, ships' compass, and satellite. The
first four of these include all the 1955 to 1975 data from the World Digital Data Centre Cl
at Herstmonceux. Al the data were reduced to sea level and a common epoch, where the
common epoch was chosen to be 1965. ‘This was selected because it is the mean date of the
observations and thus as many data are extrapolated forward as backward, thereby
minimizing SV errors.

‘The survey data were obtained from land, sea and aircraft magnetic surveys of one or more
of the following field components: Declination (D), inclination (I), horizontal intensity (H),
vertical intensity (Z), and total intensity (F). The observatory data are the annual mean
vilues from approximately 200 fixed stations with uneven global distribution. The observed
components are generally D, H, and Z or I, but some of the high latitude stations also
supplied north intensity (X) and east intensity (Y). ‘The oceanographic data are comprised
of a large number of totai intensity observations made on surveys which covered most ocean
areas. The ships’ compass observations were used to fill in sparsely covered regions. They
are generally D values of limited accuracy from compass record books of merchant vessels.
Finally, the satellite data were obtained from a mode!l (Cain 873) derived from the OGO
series of satellites (numbess 2, 4, and 6, collectively referred to as POGO). The satellite data
were handled differently and will be discussed later.

‘The data sets were binned into 1654 tesserae (regions defined by any two given latitude lines
and any two given longitude lines) of approximately equal area (5° x 5° at the equator, 5° x
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20° at the poles). Unlike the other models, the data for Barraclough 1975 are not centered
on 1975, but rather on 1965, Thus, the data were evalusted using 1965.0 as the mean time of
the data sci, ificn the madel was projected 10 1975.0. ‘The mean value of the data in each
tessera was found with a separate series of meang for cach data set obtained. Post-1965 data
were reduced to 1%85.0 using a preliminary 1970 SV (seculur variation) modet by Malin und
Clark [1974). Updates from 1960 to 1965 were done using the 1960 SV model by Malin
[1909] and the 1965 SV model by Malin and Clark [1974).  Error checking of the tesserul
means using residuals between them and the eorresponding IGRF 1965 values were
performed.

The separate means for each data set were combined using a weighting system based on the
number of observations, the date of the observiation (1955-1965 was weighted by .5 due to
their lesser importance), and the type of data (compass deta was weighted by 01 since it is
much less accurate). “Then a dilferential method was used [Cair et al., 19%7) t0 obwin a
spherical harmonic model of the main field from all of the elements of the geomagnetic
field. With this technique, one solves for corrections to ibe coefficients of an approximate
spherical harmonic model, IGRF 1965 in this ease.

At this point, the satellite data set was incorporatedd into the model. Rather than re-
evaluating the POGO data, Barraclough et al. used the POGO (873) model by Cain. ‘This
model includes the main field and secular variation to degree and order 14 for epoch 1970.
With this, total intensity values were generated at 5 intervals of latitude and longitude
batween #3859 at 800 km (like real satellite data) for epoch 1965.0. These 2520 values were
then used to obtain normal equations similar to the surface data equations. Then the
sitellite set and surfiace set were given equal weights to ebtain the spherical harmonic model
based on all the data.

2.5.2 Secular Variation

‘The secular variation model was derived from annual means from magnetic observatories,
repeat stations (stations where observations are less frequent than once per day), survey dats,
and satellite data, ‘The magnetic observatory data set came from 180 observatories and is
comprised of D, H, and Z observations. The differences of each element were plotted versus
time with the curves extrapolated to 1975, Each extrapolated value was given a range in
which the actual value might fall based on the reliability of the data and on correlations with
nearby observatories. ‘This uncertainty range was then used to assign weights to the 532
values. Again, extensive error checking was performed on each data set using the average of
the other four as the norm. The best linear fit of data from 656 stations (1877 data points)
was used to determine D, H, Z at the mean epoch of observation.

X, Y, and Z values were generated from the difference between the 1960 and the 1970 eighth
ordsr main field spherical harmonic models. These were derived from 1955-1965 survey data
and post-1965 survey and oceanographic data, respectively. ‘These data points were generated
at the center of ear™ tessera and weighted according to the number of observations from
1960 or 1970 in that tessera (the lower of the two if they gre not the same). Similarly,
POGO (873) was used to get an interpolating function by synthesizing F.

Of the four categories (observatory, repeat stations, survey and satellite data), only the first
refers to 1975, the rest were updated with a secular acceleration model. A separate model
was derived from each group and the models were compared to each other to double check
the suitability of the observational equations used.
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2.5.3 Secular Acceleration

‘The secular acceleration model tsed seven SY models. The five year means of X, Y, and Z
from the same sct of 80 observations (given squal weight) for four models (to 6th order and
degree) 1M42.5-147.5, 1947.5-1952.5, 1952.5-1957.5, 1957.5-1962.5 were used. Similarly data
from the 1962.5-1967.5 modcl was used, but this model was based on data from 118
observatorics. The final two models, 1970 and 1975, were based on annual D, H, and Z
means from 180 observatorics weighted according to cosfidence limits on data. These iast
g&? ‘;rcwdck are complete to Sth order and degree, but they aba have some coefficients out 10
gree.

The lincarity of the SA plots indicate higher order derivatives are negligible in comparison to
SA. The coefficients were cakculated using a least squares 6t to the cocfficients of the seven
SV models of equal weight. Standard deviations were calculated from the scatter of points
about the best straight line. %z final model then, is composed of 26 cocfficients exceeding
the standard deviation by more than 2.5.
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3. B FIELD COMPARISONS O¥ THE MODELS

Easch of the models (IGRF 1985, Cain 1990, MAGSAT 1960, and Barraclough 1975) were
used to oltain the total B fickd and its componsnts &t five altitudes (350 kr, 850 km, 1500
km, 10,000 km, and 15,000 km) for 1990, 1985, and 1980. ‘The differcnces between these
models were then plotted for each sltitude and year to get an overview of the model
discrepancics. IGRF 1985 is used ag the stan” -1 since it is the best known and most widely
used of all the models. More detailed comparisons were mude by Jooking at B valugs
Ghtained from each model over A range of latitudes for 4 given longitude, epoch, und altitude.
Initially, the whole Iatitude range was used (275%). ‘Then, the range CRRES will be in was
examined more closely (£20°). Finally, contour plots of the field determined from IGRF
1985 for 1960 and 1990 at 350 km are presented to show the overall change in the field over
this ten yesr span.

3.1 OVERALL MODEL DIFFERENCES

Figurcy 3.12 and 3.1b are exampkes of the contoar plots produced initially 10 ook for trendks
in the model differences over the full latitude and kongitude ranges considered.  Figure .14
shows the differences found for 1990 at an altitude of 350 km. “The lower right panel of the
plot shows the magnitude of B over the globe as cakulated by IGRF 1985, “The contouirs arc
drawn at increments of S000 nT. The South Atlantic Anomaly (SAA) is clearly visible as are
the poles. Note, the appearance of the two maxima in the northern hemisphere are a
product of the projection. If this plot were mapped onto a sphere, there would only be one
northern maximum indicative of the north magneth Yoke. ‘The magnetic field is strongest at
the poles, decreasing 1owards the equator as is exp “ed for a nearly dipole field. ‘The other
three painels show the absolute differences in a'T between Cain, MAGSAT, and Barraclough
versus IGRF, respectively.

‘The differencex seen in Cain-IGRF and MAGSAT-IGRF are less than one pescent of the
total field. ‘There doas not appear 10 be any systematic difference in either of these plots.
‘The scattered distribution of the difference contours is probably a reflection of the different
degrees of these models. Both Cain and MAGSAT have higher order coefficients than
IGRF. Thus, they represent some of the Jocal crustal contributions to the fiekl which IGRF
does not.  Still these are small differences. ‘The differences secn in Barraclough-IGRF are
somewhat larger thun those observed in the other two plots. They ure still only on the o:der
of a percent or so. Here, the distribution of the contours is not scattered as it is with the
others. This implies a more systematic vaciation from IGRF which is probably attributable
10 the projection of the model over 15 years to 1990.

Figure 3.1b is essentially the same as Figure 3.1a, however it shows the differences ut an
altitude of 10,000 km. This altitude is about as distant as one should go without including
the external field calculations. Here, the field strength has dropped off by more than an
order of magnitude. The polar maxima are still visible, but they are not as distinct. ‘The
SAA is still apparent, but again it is not as distinct as it is at perigee.

‘The differences seen in Cain-IGRF and MAGSAT-IGRF are less than one percent. ‘The
contours are not as scattered as previously. The crustal contributions to the field are not as
pronounced as at lower altitudes. Cain-IGRF shows some differences centered around the
SAA and some differences centered over the southern Indian and Pacific Oceans. ‘This is to
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be expected due to the poorer data coverage in the southern ocean regions. Similar features
are seen in MAGSAT-IGRF. Here, there is no distinct difference oentered on the SAA.
However, there are a couple of distinct northern features. One set of contours is centered
over the northern Pacific and another is centered over western China (a particularly
mountainous region, presumably this area has not been covered well with ground-based
observations). Again, the differences seen in both of these plots are quite small compared 10
the total field observed. The differences seen in Barraclough-IGRF are larger than the
others, but still less than one percent of the magnitude of the field. ‘The largest differences
are centered around western China and the region around Baffin Bay (northeastern Canada),
‘This latter area is surprising, since this region is reasonably well covered by magnetic
observatories.

Table 3.1 presents the maximum differences between +20° latitude for ail of the years and
altitudes calculated. Each model is compared to IGRF 1985 (model-IGRF). MAGSAT
shows the closest agreement at 1980. By 1990, Cain agrees best with IGRF, For
Barraclough and MAGSA' the differences steadily increase with time. For Cain, the
differences are smallest for 1983 increasing as one extrapolates both forward and backward
from this epoch. Note, that while the absolute differences drop with increasing altitude, so
does the magnitude of the field. 'The percent diffzrences also drop with increasing altitude
slightly. ‘These worst difierences wee ull less than one percent of the magnitude of the field
for 1980. MAGSAT und Barruclough are off by about 1.5% for 1990 at 350 km. For 10,000
km, these vary from IGRF by less than a percent.

3.2 COMPARISONS AT SPECIFIED LONGITUDES

Next, line plots of the magnitude of B were generated to high latitude at four longitudes over
the globe (see Figure 3.2). All four models are plotted in each panel. ‘The agreement is
close, but there are clearly areas where the models do not coincide. As is expected,
Barraclough varies the most, but careful examination (panticularly of ihe lower left panel)
shows that MAGSAT, Cuin, and IGRF do not completely overlap each other either. These
plots show polar maxima (the right two panels) and the SAA minimum (the lower right
panel). Note, that the longitudes shown are not at the peaks of any of these features, but
one can see how the field is changing over longitude. Taking a closer look at this sort of
plot, Figure 3.3a focusses in on tne +20° range at 1990 (upper panel) and 1980 (lower panel)
for 80° east longitude at perigee. The differences are apparent in 1980, but they have
significantly increased by 1990. Figure 3.3b gives a similar comparison, but for an altitude of
10,000 km. The models are in much better agreement for both epochs at this altitude.

3.3 B DETERMINED BY IGRF 1985 FOR 1990

Figure 3.4a shows the difference between the constant B contours calculated using IGRF
1985 for epochs 1990 and 1980 at an altitude of 350 km. While the general shape and
distribution of the field lines remains unchanged over the ten year span, the field strength is
decreasing (this is most apparent at the edges of the plot). This is seen to be the case at all
five altitudes which were compared. This is due to the fact that the dipole moment is
decreasing (about 0.05% annually). The decreasing dipole has significant ramifications in
computing the magnetic field (see section 4.3.3.1). Figures 3.4b and 3.4c are included for the
benefit of the reader. These show the 1990 B magnitude contours determined from IGRF
1985 for the remaining four altitudes: 850 km, 1500 km, 10,000 km, and 15,000 km.
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Year

199

1985

1950

Table 3.1. MAXIMUM B, DIFFERENCES BETWEEN £29° LATITUDE

All models Compared to IGRF 1985 (Model-IGRF)

Alt. (km)

330
550
1500
10000
15000

350
850
1500
10000
15000

50
850
1500
10000
15000

Cain (n')

251.H
162.7°
97112
328
1.19

95.57
60.16
36.33
1.59
0.61

163.59
105.47
63.34
1.95
0.72
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Magsat (n'T)

-306.22
-175.11
98.37
-5.58
2,36

-159.15
-90.13
-51.14

-2.65
-1.13

66.05
40.45
23.26
-1.60
0.7

Barraciough (n'l)

-639.74
-409.83
-249.93
-14.37
-5.3Y

442,93
-287.49
-175.70
-9.50
354

-249.10
-105.36
-106.03
-4.97
-1.3
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Figure 3.33. Line plots similar (o those in Figure 3.2, but over a smaller latitude range. At this resolution
differences between the models are apparent. The top panel shows the differences at 350 km and 80° east
longitude for 1990.0. The bottom panel is the same plot done for epoch 1980.0. Clearly discrepancies arise
over time.
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hose in Figure 3.3a, but for an altitude of 10,000 km ratker than

350 km. The top panel shows differences seen at 1990 and the bottom panel shows differences at 1980 for
SO° east longitude. The agreement for both these epochs is better at this altitude than at 350 km. As in
Figure 3.33, the models are in closer agreement at 1980 than 1990.
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Figure 3.4a, Contours of B,,, as determined by IGRF 1985 over the full range of latitudes and longitudes

at 350 km for 1990

(top) and 1980 (bottom). The field is decreasing slowly over time (this effect is most

noticeable at the edges of the plots).
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Figure 3.4b. Contours of B, as determined by IGRF 1985 for 1990 over the full range of latitudes and
longitudes at 850 km (top) and 1500 km (bottom).
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Figure 3.4c. Contours of B,,, as determined by IGRF 1985 for 1990 over the full range of latitudes and
longitudes at 10,000 km (top) and 15,000 km (bottom).
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4. DISCUSSION OF SOFTWARE

4.1 INTRCDUCTION

‘Three basic software packuges were used in this analysis. One has been derived from
OPTRACE [Redez, Inc., 1987], which was developed to compute the magnetic field
quantities (model field vector, L parameter, 100 km field line intercepts, etc.) which will be
stored in the CRRES ephemeris. This package incorporates the IGRF 1985 model, with the
secular variation, for the internal portion of the magnetic field, and the Olson-Pfitzer filt-
dependent model [Olson and Pfitzer, 1977] for the external portion. This package was
modified to include the other three models studied in this report (Barraclough 1975, Magsat
1980, and Cain 1990), and to exclude the external field. Finally, to save computation time,
the computations of parameters other than the magnetic field vector and L were removed.
’ﬂ;is final package, called HMIN, was tested to assure exact reproduction of OPTRACE L
vilues.

‘The other two packages, received from J. C. Cain, are resurrections of software developed by
Kluge (1972], and Kluge and Lenhart [1972), respectively. ‘Ihe first package, SHELLC, uses
a very fast algorithm [Kluge, 1970) for computation of the L parameter. ‘The second
package, INTEL, interpolaies L from a prestored table, and is therefore even faster.
However, the table is valid only for one epoch, i.e., no secular variation is included. ‘The
table was generated by Cuin for his model at the 1990 epoch. However we do not at present
possess the full software necded for generating tables for other models and epochs. “The
resurrected software was tested [Cain, 1987] with old cases run by Kluge to assure
reproduction of results,

4.2 DEFINITION OF THE L PARAMETER

I'he L parameter maps points in a given magnetic fickd 10 points in a reference dipole ficld.
‘Ihe L parameter of a point [Mecllwain, 1961] in a given magnetic field is the distance from
the dipole, in earth radii, of the equatorizl intersection of a dipole field line passing through
a point with the same invariant integral I and field strength B in the reference dipole field as
the point of interest in the given field. The invariant integral at a point A is the familiar
ficld line integral

I = [§[1-B/B]” ds

where C is the conjugate point to A, ds is the differential path length along the field line
connecting A to C, By is the field strength along the magnetic field line, and B is the field
strength at A and C. Mcliwain showed that, for a dipole field of magnetic moment M, the
required equatorial intersection distance r is given by a relation of the form:

PBM = {(IPB/M)

Although the function f cannot not be expressed exactly in analytic form, excellent
approximations are available [Mcllwain, 1961, 1966; Hilton, 1971]. By Mcllwain's
definition, the functional relationship between L, B, and I in the given field is the same us
that between r, B, and 1 in the dipole: Thus, for a specified magnetic moment M, L is
function of the point values B and I.




In the definition of L presented here, we have deliberately omitted a specification of the
reference dipole moment M to emphasize the present ambiguity in this regard.  Mcllwain
witially selected a value that was valid in 1960. This fixed value was imbedded in sofltware
that he provided to other users, Meanwhile other software has been distributed which uses
the updated dipole moment, derived from the dipole terms of the model used to compute the
field. ‘The consequences of ambiguity on the computed value of L will be diseussed in detail
in a later sub-section.

4.2.1 Elaboration

Contrary to what we have just said, let us assume that we have a universally aceepted
definition if M. "Then let us clarify the rest of the definition of L by considering two
magnetic field models: the model setyally specifying the magretic field vector at the point in
suestion, and a reference dipole model with magnetic moment M. For either model, we can
vompute the field intensity at any point, except at the origin where it becomes infinite.

\We can also compute the invariant integral at any point lying on a closed field line. In the
Jipole field all lines are closed except the orne passing through the poles. On clich closed
Jipole line the field strength minimizes at one point, on the equator, about which the
vriginal point and its conjugate are symmetrically located. In & more general, non-dipole
tield, there may be many open lines. For these we cannot define either I or L, so we will not
concern ourselves with them. Open lines cannot occur in the radiation belt, for particles
would escape along them. Most field lines in the radiation belts contain only one point of
minimum field strength, not necessarily on the dipole equator; in exceptional cases, near the
surfuce of the earth, there may be more. In any event, we may trace the field line from our
original point, in the direction of decreasing field strength, past one or more points 07
minimum strengtn, and on 1o the conjugate point, the first point encountered where the field
strength matches that at the original point. ‘Then we compute the invariant integral, a line
integral, in accordince with the definition, between our original point and its conjugate.

Mellwain showed that the locus of points of common B and [ in a dipole field has a very
simple geometric property: it fies on z shell of field lines intersecting the equator on a circle
of radius

r = [(M/B){(1*B/M))!3

‘The value of L of our point of interest, in the actual field, is set equal to this radius, in R,
of the shell occupied by the points of the sume B and I in the reference dipole field. Our
point does not actually lie on this shell, unless the actuni field coincides with the reference
dipole field. However, in many nstances, the radial distance of the actual equator crossing
of the field line is close to L

For self-conjugate points, I=0, L is easily obtained from B. In a dipole ficld, the self-
conjugate points are on the equator, where

B = M/
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‘Pherefore, the equatorial radius of the dipole shell containing the 1=0 points of specified B
is

r = (MB)B

W therefore must have for 1=0 points in our actual fiekd:
L = (M/B)iA

Incidentally it follows from these considerations that
f(0) =1

4.2.2 Physical Significance

‘e L parameter is related 10 the propertics of the adiabatic motion of trapped particles in a
sufficiently slowly varying (both =patially and temporally) magnetic ficld. Under these
conditions the motion of the particle can be decomposed into three components: the
gyromotion around the magnetic fiekd lines, the bounce motion between the conjugate mirror
points, and the longitudinal drift motion around the earth.  Associated with each of these
components of the motion is an adiabatic invariant which is approximately a constant. ‘the
first two invariants, associated, respectively, with the gyromotion and the bounce motion, are:

p = piinla/(2mB)
J = 2pl,

Here p is the particle’s momentum, « is the pitch angle (angle between the velocity and the
magnetic field vector), m is the mass, B is the magnetic field strength, and [, is the invariant
integral at the particle’s mirror points, where the particle's pitch angle is 90% and the
magnetic field strength By, is given by conservation of the first adiabatic invariant p:

B,, = Bhin%a.

In the absence of an electric field, the magnetic field is static and the momentum p is
constant of the motion. Then the particle’s mirror point magnetic field and invariant
integral, B, and I, are also constants of the motion, from which it follows that its mirror
point L value, L, is also a constant. ‘Therefore the partick’s motion is confined to a “shell”
of magnetic field lines which contain the locus of points of the specified B, and L.

In a pure dipole field of magnetic moment M, L, is the equatorial radius of this shell, in
earth radii, since the field lines intersect the equator at this distance. This simple geometric
interpretation is the reason that L, has long been favored over I,, as a parameter for
modeling the radiation belts. In this dipole field, all particles found at a point possess the
same L, since L is constant along the field line. In a non-dipole ficld, however, the L
parameler is not in general equal to the equatorial intersection distance of the field line
through the point, nor is L a constant along the field line, zlthough both of these properties




are often approximately satisficd. Therefore the L parameler at & point is the conserved
L. ouly for the particles mirroring al that point, tAat ss, those parlicles with 90° pilch
angles ot that point, Thc sppropriste L, peramcier valuc for particles with smaller
pilch argles must be computed ot their particular mirror poinls, and in gencral will
therefore be diffcrent from the I parameter waluc at the point of obscrvation.

4.3 COMPUTATIONAL METHODS

From the definition of L given here, it is evident that four steps are required, in the
{-llowing orden:

1. Compute the model field vector and magnitude B at the point in qi.stion.
2. Trace the field line through the point to its conjugate point, storing the magnetic field
magnitude By at poinis along this path.

3. Compute the line integral along the field jine to obtain I
4. Compute L from J, B, and M.

Step 1 is reasonably straightforward, given the mathematical specifieation of the field model,
and will not be discussed further here. Step 2, the field line tracing, is the most time
vonsuming computationally, since it requires solution of a vector system of nonlinear
vrdinary differential equations expressing the local tangency of the mugnetic field vector.
Step 3 requires only a quadrature integration along the field line, having determined from
step 2 the field strength as a function of the distance along the ficld line from starting point.
Finally, in step 4, we must compute L, given I, B, and M. ‘The shortest of the four sieps of
our procedure, this final step requires selection of a algorithm for computing L with
sufficient accuracy, end specification of the magnelic moment M of the reference
dipole field.

The expense of the computation of L directly from its definition may be avoided by

interpolation of prestored tables, if the same model will be employed many times more than
the number of tabular entries required ro interpolate L to sufficient accuracy.

4.3.1 Step 2 - Field Line Tracing
‘The desired field line is the solution of the ordinary differential equations
dx/ds = B/B
dy/ds = B/B
dz/ds = B,/B
satisfying the initial conditions that x, y, z at s=0 are the coordinates of the point at whicn
we wish to compute L. Here x, y, and z are the cartesian cooidinates of a point on the field

line, and s is the distance of the point, measured along the ficld line, from our original given
point, with a positive sign if the tracing is parallel to the magnetic field vector, a negative
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sign if the tracing is antiparallel. ‘Thus, the field line is defined as a series of points, specificd
by their Cartesian coordinates, as furctions of the independent variable s,

4.3.1.1 Kluge's method
Programs OPTRACE and HMIN solve these equations as indicated. The principal
difference between the two programs arises because OPTRACE must obtain the 100 km
intercepts of the field line as part of the CRRES requirements. Therefore it must trace the
ficld all the way to these intercepts, in both hemispheres. HMIN, concerned only with
comptiting L, traces only to the conjugate point.
SHELLGC, using Kluge's method, invokes a change of coordinates to the inverse variables,

£ = x/r2

T =yl

[ = 2r?

Here x, y, and z are in a dipole-oriented system, the z axis parallel to the dipole. From the
inverse coordinates we can readily recover the direct coordinates:

x = Efp?
y = o
z = Yp?
where
p? = £2 + 2 o {2 = )/r2
‘There is also u change in the independent variable from s to the variable t, such that
dt = p3dt’ = p¥ds/B
‘The differential equation for & becomes
de/dt = oW/ + EW/p?
where
W o 1V
and V is the scalar potential from which the field is derived:
B = .YV
Fully analogous equations follow for n and {. If the field is not derivable from a scalar

potential, as when the external pe “inn (due to ring currents, etc.) is included, we instead
would obtain




dg/dt = p3{(98/2x)B, + (/ay)B, + (3/02)B,]
= p3[nB, - 24((B, + wB, + {B))]

At this point the final change of coordinates is made, replacing § and n by

u = gpl2

v = qpl?
In a pure dipole ficld, u and v are constants along the field line:

u = cosd/LI2

v = sind/L!2
Also, dJ/dt is shown to be positive everywhere (at least for the pure dipole case). Since { und
t are therefore single-valued functions of each other, [ can serve as the independent variable

instead of t. Then from the definitinns of u and v, equations are obtained for dwd{ and
dv/dg:

dwdf = [p12dg/dt - (12)p- Y2 dpidt}i(dy/dr)

dvid] = [p1dn/dt - (1/2)pY2rdpldu}/(d/d)

The right-hand sides of these equations can be expressed completely in terms of u, v, and {.
First note that

do/dt = (§dg/dt + ndwdt + {dyde)/p

“The derivatives d&/dt, dv/dt, and dl/dt are given above in terms of p, £, and {. Thus dw/d{
and dv/d] are expressible entirely in terms of these variables. To eliminate p, £ and v, make
the substitutions:

g - uplfz
T = wl?
p = (12)(u? + v + [(u? + v?)? + 402]17)

The expressions for £ and m come from inversion of the definitions for u and v. The
expression for p comes from solving the quadratic equation

P Btk 2 pu 4 V) 4 2

With these substitutions we obtain ordinary differential equations for u and v in terms of
themselves and the independent variable {. Solution of these gives u({) and v({). As stated
before, u and v are constant along a dipole field line. In the real world, we expect them to
be sufficiently slowly varying that very large steps can be used in the tracing. Typically 10
steps seem to be sufficient for this method, while for the direct method used in OPTRACE
and HMIN, the number of steps is ~100. Note in addition that only two equations need be
solved here, while in the direct approach we are solving three.
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4.3.1.2 Methods of numerical integration

‘The equations to be solved are of the form

dykdx = g(yx)

‘The principal feature of these equations is that the right-hand side, the derivative of the
solution, depends on the value of the solution itself. A second feature relevant to our
particular problem is that the derivatives (right-hand sides} require the time-consuming
evaluation of the magnetic field.

OPTRACEHMIN

OPTRACE and HMIN ¢ the open Adams 4th order numerical integration method [Press,
ct. al., 1986; Hildebrand, 1956]. This method generates a solution on a sequence of
uniformly spaced points. In each step the solution at a new point is generated from the
value of the solution at .he previous point and the first derivatives of the solution at the
previous four points. Only one derivative evaluation is required per step.

‘The method is called “open™ to distinguish it from other methods which are “closed”, since
they require also the derivative of the solutioin at the new point. However the first derivative
of the solution value at any point can be obtained only if the solution value itself is known,
since the right-hand sides of the equations are functions of the solution value as well as the
independent variable. ‘The closed methods are often used in what are called predictor-
corrector schemes, in which an open method is used to "predict” the sofition at the new
point. Then the predicted solution value at the new point is used to cstimate the derivative
there for use in the closed formula.

‘The method is called 4th order 1o indicate that it is accurate through the 4th power in the
step size, i.e., its error is proportional to the Sth power in the step size.

Since the solution must be known at 4 previous points in order to obtain it at a new point, it
must be generated at the first 4 points in the sequence by another method. Actuully, the
sulution is given to us at. the first point, the boundary vaiue. Thus we must generate from it
the solution values at ihs.next three points. In OPTRACE and HMIN this is done by the
classicai Runge-Kutta 4th order method [Press, et. al., 1986, Hildebrand, 1956), which
allows one to obtain the solution ai a new point from just its value and derivative at the
previous point. The process requires evaluations of the derivatives for two estimated solution
alues at the midpoint of the step, plus one evaluation for an estimated solution value at the
end of the step, in addition to evaluation with the known solution value at the beginning
point of the step. Thus each step requires four derivative evaluations, compared to just cne
per step for the open Adams method. This makes Runge-Kutta considerably slower than
Adams, but it has the flexibilty of not requiring a previous multiple-point history.

‘The step size h is given by:
h = FLL/JSEGS x f(FLL)]

where
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FLL = estimated ficld line kength (Rg) between 100 km interozpts
SEGS = number of steps desired when FLL = 2 R
f(FLL) = (-23)FLL + 73, FLL 2 Rg

= (I18)FLL + 89, FLL > 2 Rg

The expression for h reflects the finding [Radez, Inc., 1987] that uniform accuracy wis
uhtained with a number of steps thiat minimizes for FLL = 2 and increases linearly to
approximately double.that amount at the shortest and longest lengths to be considered for
CRRES. This shape funation is reflected by the function {(FLL), while SEGS, nominally set
o 100, but easily adjusted in the code, gives the desired number of steps at FLL = 2 Ry,

‘The procedure for estimating the field length depends on the dipole L parameter, Ly, of the
initial point [MecNeil, 1986):

Ly = r/sin29

where r is the radial distance and 8 is the magnetic colatitude. For Ly > 2 Ry, FLL was
found empirically to fit very vell the estimate

FLL = 2.77 L, -1.86

For lesser values the situation is quite complicated, due to the varied effects of the non-dipole
terms in the field. In this case FLL was fit to parabolic functions of Ly, with coefficients
tabulated on a 7 x 13 magnetic latitude-longitude grid. FLL at any latitude and longitude is
compuled by bi-linear interpolation of the four nearest neighbors on the grid.

SHELLC

‘The third order Adams predictor-corrector method is used to obtain the solution at a new
point, given the solution at the previous point and the derivatives at the previous three. The
process is started as follows:

1) the solution is estimated 1/2 step forward of the starting point by linear extrapolation,
using the value and derivative at the starting point;

2) The solution is then obtained one step backward from the starting point, by quadratic
extrapolation using the starting point solution value and derivative, and the estimated
derivative at the point 172 step forward;

3) The solution one step forward of the starting point is obtained by cubic extrapolation
using the solution value at the starting point and the derivatives at all three previously known
points. The point 1/2 step forward is now discarded, and the remaining three are available
to begin the predictor-corrector process.

‘The step size AL for all runs was 0.2 Rg"l, the value set in the code ve received. Since this
probably was arrived at after extensive testing, we saw no reason to change it.
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4.3.2 Step 3 - Computation of I
OPTRACEMHMIN
‘Ihe interval between the starting point and its conjugate point is divided into two regions:

1. the largest subinterval beginning at the starting point which contains an even number of
steps;

2. the subinterval beginning at the end of region 1 and ending at the conjugate point.

‘The conjugate seldom coincides with any grid point; it is found by quadratic fit of the field
strength B, through the three closest points, and solving for s such that B, = B.

The integral through region 1 is performed by Simpson's Rule [Press, et. al., 1956;
Hildcbrand, 1956), which is o two-step formala. ‘The midpoint of region 2 is located by o
single application of Runge-Kutta; then one application of Simpson’s Rule computes the
integral through this portion.
If the conjugate point lies within the first two steps a different procedure is followed. The
quantity 1-B/B is fit to n parabola, from which the location and value of the minimum
(Bmia) are determined. ‘The invariant integral is then given analytically by

I = (7/)1(1-B /B2
where is the arclength from the starting point to the conjugate.

SHELLC

In terms of the transformed variables the invariant integral is written:

I'= [ (1-B/B)"2 [(Qip3)/(dg/du)]d
where

Q = [(dg&/dt)2 -+ (dwdt)? + (dy/dr)?)in
It is shown that the field strength B, at a point on the field line can be written as

By = PQ
‘The step size used for the tracing is too large for the computation of I, because of the
rapidly varying quantities in the integrand. To avoid having to trace at a s.naller step size,
which would defeat the purpose of the algorithm, Kluge defines three slowly-varying
interpolation functions:

C=u?+v?

D = Qf1 + 3(tp)}1?

E = D(1 + {2p?)/(dy/dt)




In a dipole field, C becomes 1/1, and D and E both become equal to the dipole moment.
The inverse radius p has previously been given in terms of the slowly-varying u, v, and the
independent variable {. We can re-express this result here as:

p= (1R)(C + [C + 42]'7)
fhus we can compute p analytically at any point] once we know C. Next, Q can be obined
analytically from D, p, and §; &f/dt can be computed from D, E,p, and {; und B, can be
camputed from p and Q. ‘Thus the entire integrand can be computed analytically at any

point { from thase interpolation functions. Four-point interpolation is used for C, three-
point interpolation for D and E.

‘The integration is performed by the trapezoidal rule [Press, et. al., 19586). Since this
method performs the integration one step at a time, the step size can be varied conveniently.
Tt is chosen to be kp, where k is presently set to 0.03.

‘The beginning and ending intervals are handled by a slight modification to account for the
s\uare root singularity in integrand - it approaches zero as the square root of the distance
frum tha end point. If x; is the length of the interval, and x is the distance from the
endpoint where the integrand vanishes, then the integrand is approximated by

Gm a[x!x,]m

where a is the value of the integrand at the other end of the interval. ‘Then the integral over
this portion is

i (ZB)KIX 1

If the conjugate point is within one integration step of the starting point, I is set to zero.

4.3.3 Step 4 - Determination of L from B and 1
Although an exact mathematical expression for L is not available, excellent approximations
have been provided by Mcllwain [1961, 1966) and Hilton [1971). All three codes employ
Mellwain’s 1966 version:

Y = In(L3BM-1) = X o9 a,X®
where

X = In(I3BM)
and the coefficients a, are given in the table reproduced here from Mcllwain [1966). ‘The
last row in the table indicates the maximum error in Y. These numbers translate into a
maximum relative error (AL/L) of ~1.6x104.
Qriginally, the somewhat simpler formula given by Hilton [1971],

LSB/M =14 alxln + azxm + 83x

where
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X = PBM

a; = 1.35047
ay = 0.465376
2y = 0.0475455

was employed in OPTRACE and HMIN. Table 1 of Hilton's paper quotes maximum error
AL/L ~ 104, However, comparisons with results obtained using Mcllwain's formula revealed
relative differences ~ 2x10%. Thus we reverted to the tried and true Mcllwain formula.
Recently we have discovered that the differences may due to an error in a, in the computer
code of Hilton's formula. Although further testing may warrant reinstatement of the Hilton
formula, the saving in computation is minimal, since this step requires a very small fraction
of the total effort required to compute L. ‘Thercfore we have for the time being retained
Mecllwain’s formula,

4.3.3.1 ‘The disappearing dipole

Historically the constancy of the Earth’s magnetic dipole has been taken for granted. As in
human relations, this may prove to be fatal, for the dipole moment

M e [(y%)2 + ()2 + (h)Y2

has been decreasing at the rate of approximately 0.05 o per year. The predicted 1990 value,
computed from the cipole terms of the extrapolated IGRF 1985 model, is 30299 (n'T-R.3),
while the value used by Mcllwain, in these units, is 31165.3. ‘This latter value was imbedded
into Mcllwair's subroutine CARMEL, whick he has over the years provided to many users.
Thus this consiant has become a fixiure in many L computation codes, including the
SHELLC package sent to us. In OPTRACE and HMIN, on the other hand, we have used
the upduted value for M, given above, as recommended by Hilton [1971). Since we have only
recently discovered that it was Mcllwain's old M value that was used in SHELLC, many of
the results of that code presented in this report were computed with this value.
Consequently part of the differences between SHELLC and QPTRACE/HMIN results are
undoubtedly due to this difference in the M values used. We have since modified SHELLC
1o use the updated dipole moment as in OPTRACE, and will present comparative results.
The INTEL interpolation tables, undoubtedly, have been generated using the old dipole
moment. Since we do not presently have the capability to regenerate these, the only INTEL
results presented here are with the old dipole moment.

It is not totally obvious to us how to select M. We have given here the two choices that we
know have been commonly used. Mcliwain [1966] suggested that M be chosen to minimize
the variation of L along the field lines. Although attainment of a practical algorithm for
accomplishing this in the actual geomagnetic field seems unlikely, Hilton's definition, used in
OPTRACE, accomplishes this in a time-varying pure dipole field: the L parameter at a point
remains equal to the radial distance of the equatorial intersection of the field line through
that point as the field changes.

However, what happens if we use Mcllwain’s fixed value, which we may call M,;, instead of
the updated value, M7 We have found previously, that for I=0,




L = (M/B)!A

‘Thus we find that by using Mcllwain's fixed value of the dipole moment, instead of the
updated value, we obtain for points at the equator (I=0) L parameter values which differ
from the radial distance by the factor (M/M 3. Using the values of M, (1990) and M,,
given above, we find that this factor is 1" Thus, in 1990, use of the fixed value M,, would
result in L values nearly 15 higher % the equator than those obtained using the updated
value M,

Now consider high latitudes, in the limit of large 1 and B. Here both Mcliwain's and
Hilton's expansions lead us to

L*BM == 0.0475455PBM
/T = 0.362273

‘Thus L becomes independent of M in the high latitude limit, while it depends on M at the
gquator. Therefore we conclude that L is not a constant along a dipole field line unless the
value of the dipole moment M employed in computation of L from B and I is the same as
thie value employed in computing B and 1. Thus to satisfy Mcllwain'’s criterion of
minimizing the variation of L along a ficld line, it is obvious that for a pure dipole field we
should use the same (updated) value in the final step of obtaining L from B and T ns waus
wed in computing the field. ‘The effect of using Mcllwzin's subroutine CARMEL, with the
fixed value M embedded, in conjunction with model routines that use the updated values of
all eoefficients to compute the field, is that this condition would not be satisfied.

In a non-dipole field, however, L is not in general constant along a field line, even if
consistent values of M are employed. For the earth's internal field, however, L is
approximately constant, Mcllwain [1961] finding relative variations within 1% along field
lines within 3 R (Hopefully his M value is consistent with the 1960 model he employed).
However at larger distances, where the field due to external sources must be included, the
arintion of L along a field line can be quite substantial. For example, using the Olson-
Plitzer model for the external field and the IGRESS for the internal field, it was found, for 2
field line at 2200 hours MLT with an 840 km footprint at 659 magnetic latitude, that L was
7.64 at the footprint and 8.8 at the equatorial crossing, for a relative variation of more than
12%¢. ‘Therefore it isn't clear to us what choice of M would minimize variations of L along
field lines of a realistic geomagnetic ficld model.

In summary, the earth’s dipole moment M has changed by nearly 3% since the time of
Mcllwain’s original definition. If we use Mcllwain's original value in computing L from B
and I, we get near the equator L values approximately 1% higher than those obtained when
using the updated dipole moment. There are several L computation codes that use the fixed
Mcllwain value, and some codes that use the updated value. We should therefore be warned
that the results obtained with these codes may disagree due to this disparity. It would be
wise to agree in the future on a standard choice to be used by everyone.

4.34 Interpolation of L - Program INTEL
The L pazameter is expressed in the form
L = d[1+1(dL )]
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where
d = o2+ IR
o = ((E£,)2 + ()2
cosh = (E-£)Nr
sing = (Vo

Here £({) and m({) define the open field line, which goes over to the dipole limit §, = v,
= 0 at (-0 l'hcy are expressed as 4th degree polynomials (constant term = 0) This
reformulation removes the polar singularity from the function which must be interpolated (i.
¢., the function { remans finite). The evaluation of f is by quadratic interpolation of a
fourier series in ¢ on a uniform {d grid. ‘The spacing of the grid is 4d = AL = 0.2, with
duin = 0.1, e = 0.9, L = 0.9, {qax = 0.9. Not all points on this grid are actually
cmploycd since some are below (he surface. A total of 700 Fourier coefficients are
tabulated, 10-30 per point, at the grid points above the surface.




S. L-SHELL COMPARISONS OF THE MODELS

‘The four models (Barraclough 1975, MAGSATT 1980, IGRF 1985, and Cain 1990) were
vompared on the basis of their L-shell evaluation as well as their B field determination (see
Chapter 3). Each of these models was incorporated into software currentiy in use at GL.
Tu begin with, contour plots of the differences between the models were made over a large
altitude range. ‘Then line plots of L-shell at selected longitudes were made for a wide latitude
range, 759 To more closely examine differences between the models at latitudes pertinent
o CRRES, detailed line plots were made at five altitudes for several longitudes with latitude
only spanning +20°% In the difference comparisons mentioned previously, IGRF 1985 was
used as the standard, ‘Thus, contour plots of the IGRF 1985 L-shell over the whole latitude
and longitude range were done. These were made for 1980, 1985, and 1990 to look for
temporal variations in L.

5.1 OVERALL MODEL DIFFERENCES

Figures 5.1a and 5.1b show the differences between the models for 1990 at 350 km and
10,000 km, respectively. IGRF 1985 was used as the reference because it is the most widely
used model and was adopted as the standard by the IAGA Working Group 1. ‘The contour
plot in the lower right hand panel shows L-shell as determined by IGRF 1985. The
remaining three paneis show the differences between the other three modeis and this IGRF.

‘The upper left panel shows the absolne differences between Barraclough and IGRF. ‘This
mudel differs the most. Even so, these differences tend to be less thun a percent or two
from the standard. ‘The agreement deterioretes us one approaches the poles. This is what is
expected since L increases toward the poles and the models themselves are not as good
nearer the poles (see Chapter 2). Whether Barraclough is higher or lower than IGRF
dJepends upon the hemisphere.  This may be due in part to the change in the position of the
offset dipole. ‘The dipole moment and the displacement of the offset dipole are known to be
chunging with time (sce sections 4.3.3.1) [Pinto, et. al., 1989]. For this comparison, the
software determines the position of the offset dipole and the dipole moment from the
coefficients. Thus, different offsets would be expected to lead to systematic diffexrences in L
by hemisphere. Here, Barraclough is too low in the North-East and South-West quadrants.
It is too high in the North-West and South-East quadrants. Note, these differences are
primu.ily attributable to differences between the models themselves. ‘The differences in the
oifsets add to these larger differences.

‘The upper right panel shews differences between MAGSAT and IGRF. Here the agreement
is seen to be a little better than that with Barraclough. More area is covered by the +.001
contours and the larger contours are at higher latitudes. Still, the percent difference from
the standard is about the same: generally less than one percent. Again the sign of the
difference depends on the hemisphere with MAGSAT too low in the North-Eest and South-
West quadrants and too high in the North-West and South-East quadrants (rcughly).

Finally, the best agreement is seen between Cain and IGRF in the lower left panel of Figure
5.1a. For the most part the absolute differences are less than .001 with higher differences
very close to the poles. This is an order of magnitude better than the two previous models
discussed. The relationship between the sign of the difference and geographic position is not
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$0 clear cut as previously. These differences are generally less than a tenth of a percent of
the IGRF values. The instruments on CRRES will not be able to discern L-shell differences
at this order of magnitude.

Figure 5.1b is similar to S.1a, tbo difference is in the altitude at which the comparisons are
made. Here, one sees the comparisons done for 10,000 km. Again, IGRF 1985 is the
standard with the other thrge smodels compared 10 it. The L-shell contours obtained from
IGRF 1985 are shown in the kewer right pancl. The absolute differences contoured in the
other three plots are all smoother than those seen &t 350 km. At higher altitudes the
contributions 1o the internal field from the crustal components are negligible in comparison
1o the dipoke component, thus the smaller scale detail washes out and the contours become
smoother. ‘The basic distribution of the cortours has remained the same between 350 km
and 10,000 km (i.e. the distribution of the positive and negative differences is still correlated
with the offset dipole). However, in all three plois, the differences . .ive increased. L
increases with altitide, su even though the absolute differences have increased somewhat, the
percent differences are ubout the sume. Thus, one sgain sees that for CRRES, ditierences
between Cain und IGRF will not be discernible,

5.2 COMPARISONS AT SPECIFIED LONGITUDES

Four line plots at selected longitudes were made of L-shell versus latitude (see Figure 5.2).
At this scale, the agreement between the models is so close, that only one line is appasent
even though all four models have been plotied on each plot. ‘These plots were made using
the high latitude data, thus, one can see longitudinal variations in L. The magnetic poles are
near the two longitudes selected for the right panels. Hence, a sharp increase in L is seen in
the southern hemisphere in the upper plot and in the northern hemisphere in the lower plot.
‘The two left panels are not near the magnetic poles in longitude so only L-shells < 10 are
seen.

Line plots were also made at a smaller scale to look at diffe;unces between +20° (see Figure
5.31 - 5.3). Figure 5.31 shows L-shell versus latitude at 350 km and 80° east longitude for
1990 and 1980 (upper and lower panels, respectively) for all four models, In 1950 (lower
panel), the agreement at this scale is 50 good that only one line is apparent. This agreement
deteriorates somewhat by 1990 (upper panel) as is expected as one gets further away from
the epochs for which the models are derived and differences in their secular variation are
manifested. Nonetheless, differences can only be seen between -20° and 40, Here,
Barraclough has the highest L values (solid line), MAGSAT is slightly lower (dotted line),
and Cain and IGRF are lower still (dashed and dash-dot lines plotted on top of each other).
‘This is what is expected with a decreasing dipole moment. A higher moment will give
higher L values. Since, Barraclough is the oldest model it is expected to give the highest L
values. Cain and IGRF are based on very similar data sets (see Chapter 2). Even though
Cuin's model incorporates a discontinuity in the secular variation afier 1983, the shift in L
due to this continuity is not yet apparent by 1990,

Figure 5.3b is similar to Figure 5.3a, the difference is in altitude. ‘This shows the models at
10,000 km. Again, there is no discernible difference between the models at 1980. They all
plot on top of each other. By 1990, differences again appear between -20° and 4° latitude.
Barraclough gives the highest L values with MAGSAT lower and Cain and IGRF lower still.
L increases with altitude, thus at 10,000 km, L is nearly 2.0 Rg higher than ut 350 km.
However, the differences between the models are about the same as those at the lower
altitude. Cain and IGRF still overplot each other, so even at higher altitudes one cannot see
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Figure 5.3a. Line plots similar to those in Figure 5.2, but-over a smaller latitude range. Even at this
resclution, the differences between the modcls are very small. The top panel shows the differences at 350
km and 80° cast longitude for 1990.0. The bottom panel is the same plot done for epoch 1950.0.
Discrepancies arise over time, but the differences, where distinguishable, are still quite small,
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Figure 5.3b. Linc plots very simifar to those in Figure 5.3a, but for an altitude of 10,000 km rather than
330 km. The top pancl shows the differences seen at 1990 and the bottom panel shows differences at 1950
for £0° east longitude. Again, differences increase with time, but not by much. The altitude does not sccm
to affect the differences much; the same relationship between the two epochs is seen for 10,000 km as for
350 km,
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the effects of the jerk incorporated in Cain's model. At this scale (0.1 Ry), the models are
Whifticult to resolve, thus figure 5.3¢ was done to show the best and worst agreement at this
ngitude.

Figure 5.3c is at an altitude of 15,000 km. ‘The plot on the left is done at the same scale as
figures 5.3a and 2.3b. The two boxes drawn on this plot show the scale of the two plots at
the right. The upper panel has a scale 10 times larger than the lower panel. L values were
only obtained at 5° increments, therefore the close-up figures only show four points rather
than lines in order to see some separation between the points. In the upper plot,
Barraclough is roughly .035 Ry; higher than IGRF and Cain is roughly .0025 Ry; higher than
IGRF. This first difference is on the lower edge of detectability by CRRES instruments.
However, if data is binned by 1220 R as has been discussed (at least at a preliminary survey
level) then even this difference is negligible. ‘The second difference is too small to matter {0
CRRES at any level. Note, this upper plot is on a scale an order of magnitude larger than
the lower plot, thus these differences are also of no consequence to CRRES. In fact, IGRF
and Cain plot on top of each other in this lower plot.

5.3 L DETERMINED BY IGRF 1985 FOR 1990

Contour plots of L over the entire latitude and longitude range are shown in Figures 5.4a-c.
Figure S4a shows the temporal changes in L-shell as found from IGRF 1985 evaluated at
350 km for 1990 and 1980. ‘Ihere is no significant chunge seen here. In fact, if one goes
back 10 plots generated in 1970 by Stassinopoulos, one sees no change over 20 years.
Figures 5.4b and 5.4c show L-shell contours from IGRF 1985 evaluated for 1990 for the
uther four primary altitudes considered in this report (850 km, 1500 km, 10,000 km, and
15,000 km). These are included as a general reference for the reader. Finally, Table 5.1
shows the maximum differences between the models for 1980 and 1990 at six altitudes (0.0
km to 10,000 km at 2000 km increments). ‘These clearly show that Barraclough is furthest
from IGRF and Cain is closest for 1990. For 1980, the differences are lower overall (us is
anticipated), however, MAGSAT and Cain agree about eqally well with IGRF, Note, this is
not surprising since Cain's model was based on this particular MAGSAT model then
supplemented it with ground-based data (see Chapter 2).
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Figure 5.4a. Contours of L-shell as determined by IGRF 1985 over the full range of latitudes and
lcongnlludcs at 350 km for 1990 (top) and 1970 (bottom). There is no visible difference between these
:pochs
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Figure 5.4b. Contours of L-shell as determined by IGRF 1985 for 1990 over the full range of latitudes and
longitudes at 850 km (top) and 1500 km (bottom).
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Figure 5.4c. Contours of L-shell as determined by IGRF 1985 for 1990 over the full range of latitudes and
longitudes at 10,000 km (top) and 15,000 km (botiom).
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Table 5.1. MAXIMUM L-SHELL DIFFERENCES BETWEEN £20° LATITUDE
All models Compared 1o IGRF 1985 (Model-IGRF)

Year Al (x10% km) Barr (x103) Magsat (x103) Cuin (x10?)
1v50 0.0 4.10 1,32 286
20 413 1.08 1.98
4.0 442 113 1.6
6.0 L k) 1.03 -0.57
8.0 4.98 1.28 1.04
10.0 473 1.06 -0.54
Y0 0.0 19.89 11.19 3.26
2 20.31 10.57 2.10
4.0 22.50 1040 248
6.0 24.59 .27 244
80 2599 11.59 2
10.0 2.1 1230 3.5
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6. COMPARISONS OF THE SOFTWARE

Another aspect of the analysis of these models is that of the software which uses them. A
package already exists for CRRES which incorporates the IGRF 1985 model. ‘This package
(OPTRACE) was madified to include the other three models: Barraclough 1975, MAGSAT
1950, and Cain 1990. ‘The MAGSAT model contains 50 coefficients to allow for more
detailed modelling of the field. However, evaluation of this many terms requires an
exorbitant amount of computer time. Thus, & truncated version of this model was used in
this analysis. OPTRACE was further modiited 1o exclude external field contributions. This
routine requires more CPU time than another code also in use at GL, HMIN. ‘This second
¢ode was modified 1o give the same results as those initially obtained from OPTRACE (sce
Chapter 4). It was this code which was used to do the B field and L-shell comparisons in
Chapters 3 and §, respectively.

Software was reccived from Dr. J. C. Ciin to caleulate L-shell using both integration of the
spherical harmonic coefficients and using interpolation tables. Both of these codes (rom
Cain were originally developed in the early 19705 by Kluge (see Chapter 4). In order to
avoid confusion, the integration code will be referred 10 as Kluge/Cain and the interpolation
code will be referred to as Interpolation. ‘The advantage of using the interpolation tables is
one of greatly reduced CPU time in the processing. However, the question arises as 1o
whether or not the increased speed sacrifices accuracy. In comparisons between interpolated
L values und those obtained by integration, it is found that the interpolated values are
sufficiently sccurate for most applications. Howewer, a problem was found with these codes.
Cain coded a value for the dipole moment into the integration code rather than calculating it
from the coefficients (see Chapter 4). "The value he selected dates back to the mid-1960s and
is now out of date. ‘The dipole moment and the position of the offset dipole are changing
rapidly enough that a noticeable difference is seen over 20 years (see Section 4.3.3.1). Thus,
the interpolated values are not as accurafe as they could be since the tables were based on
the results from Kluge/Cain, Using resuits from a model which incorporates the current
dipole moment, a more accurate set of tables could be obtained.

A similar approach (o that used with the magnetic field and L-shell comparisons was taken.
“To begin with, contour plots of the differences between the codes were generated. “Then line
plots to high latitude at selected longitudes were made. More detniled lineplots within the
CRRES latitude range were then considered. After reviewing the discrepancies between the
cudes, their efficiency was also evaluated.

6.1 OVERALL COMPARISONS OF 'T'HIE CODES

Contour plots over the entire latitude and longitude ranges of the differences between
Interpolated-OPTRACE/Cain, Interpolated-OPTRACE/IGRF, Interpolated-Kluge/Cuin, and
Kluge/Cuin-OPTRACE/Cain are shown in Figures 6.1 and 6.2. Figure 6.1a shows the L-shell
differences for these four cases for 1990 and 350 km altitude. Three of the plots are to be
used in evaluating the accuracy of the Interpolation code. The fourth plot (lower right
panel) shows the agreement between Kluge/Cain and OPTRACE using the same model.
Kluge/Cain uses a transformation to inverse coordinates to simplify the integration (i.e., the
integration is performed over a straight lins rather than a curve as is done in OPTRACE).
However, one expects the agreement here to be quite close. The agreement is seen to be
very goe™ in all four plots. Recall that in the model comparisons, the differences between
Cain anu IGRF were very small and for the most part negligibly small. ‘This is apparent

52




00661 1t (203uad) wy 03¢ 10 2pranIe ue Joj suop 2 suosuedwod oYL TUOYIDVULIO
puE “UIED/ADVALIO ‘uicpodnn ‘porciodisiu) :93exoed oscamyjos snopea oY) wIO) PoULUIDIOP St SoFuL
apanSue] pue aprane] [10) 21t Tewoacd () uper Yueg ug sooudsdgip 1oYs-1 Jo s1od Jno1wo) “crv9 21ndig

(s334930) wozcuro._ t (s23y930) 30nLONOT

0S¢ 00§ o,..m o8t oﬁ 03¢ 00C O¥Z 08L OZL 09 O
m 0S—
e
S 5T—
m™m
(=] 0
m
(o]
= YA
m
« |

PN ced

c_oo\uodmhaoloﬂow\ abnpy o u10) /abnpy— nmwo_m,mwﬁc_ St

(s33y930) uoE_uzo._ (s33y930) 30NLIONOT

08¢ o0oc o¥T o8l oww 03¢ 00¢ O¥T OBL 0OZL D09 0

I S/
=AY

oS-
U Hler-

10

—18¢

S0
ey 2 G

w0y /30VIdO—Paiojodiaiy) o

(s334930) 3anLUVI

0S

AR

Lmo_\uo«@ao%o«o_oeﬁs st

000G = dpmnw Q°08GL = JD3L I 51000 I2uURNQG IPUS—T]

’ .
- -

(s33Y930) 30NLUVT

53

(5334930) 30NLUIVT




“0'06GT 1t WY 000'0T 16 2pnIne ue Joj Suop e suosurdusoo M, JUDVADVIULIO PUE ‘BIDEIDVILIO
uicopingy  ‘porerodion]  csoexaed  Diemyjos smoues oY) wof pounusd)dp se sodurs apanduog

puc opmnieg {ing o1 Juuaaod Gy) Hpes YT ul SOUMDYIN 191S-T 1dpotw JO s10id anoieed ‘qr ~anlig

(5334930) 30NUTNOT (s33¥930) 30nLIONI?

0S¢ 00§ O¥C O08F OZL 09 O 09¢ 00F O¥c OBL 0ZL 03 O
1 St—

|

l

Q
(S33493Q) 20NLILVI

{:b

(s33¥930) 30NLUVT

= —1 ST

> 1 0s ST \(/\mll/m
. < 0S

Y ¢ e A

uIDy /3OVY1d0—uies/3bny uin) /abn|y—paipjodiayyy

(s33y930) mo::uzo._ (s33y530) 30NLONOT
0s¢ oon 0T 08L 0ZL 03¢ 00¢ O¥c 08l O0ZL 09
N s o Wiy
- —\0 ﬂ\\«h\
0s n.m 05—
o
B 152§ T ~1sz-
m
- -10 S — 30
m
(]
- o 1 N =~ - ST
m
- - < -
e e e
1\ 10°0F A 5/ A WN

4Y91/30vy1d0—pPaiojodiayy) uID) /30WY 140 —pa1ojodsaly

"0000L = 9PMINY QOSGL = EUA D SIPOD) erumsoQ IRUS—T

54

(s33y930) 30nLIVT




A T

]

| s

uind /30vH 1do—uin] /abnpy

(s33y939) 3GNLSNOY
09¢ 00¢ O%T O%L 024 09

4491/30vY150— 8%3825

oooct

= apaIg

0°0GGL

o

—

(S334930) 3TNV

(S334920) 3anLiv

Y

ool

“uawow spodip oY) 107 anjea paejin
ur Teien gepaqt v {oafuad) wy gge g apmne Ue of suop e suoscdwod 2yl JUDFIOVILIO
PUT SR TIVHILO "% ?50&2& ssodoyomd 01em)J0” SnoEA QI WIO) poulWwIRIDp St SaSurs
apnrlun] pue cpminey ging ot Suoses () #pns YUCT W SHREYIP 19is-] Jo s10)d Inojuo) ©7'9 21ndy

(s33y930) 2anusNon
03¢ 00 OYT 08f 0TL 09

(s33y930) 30nLONOT

03¢ 00F 0% 08L 0ZL 09
10" -

uoy/ mm:_xlvmwo._oa._ouc_

(s334930) 30nUSNOT
09S 00 OFc O08L O0ZL 09

Si-

0S—

T

ST

(]
(s33y930) 30NLUYT

~10S

SL

(5334930) 3anLIVT

c_oo\uoéEo patojodiajy]

¢ SUncuod Ruasang 11I_YS—-




uawow opodip o 30) onjes poepdn ur Juisn

00661 1 ury 000°01 JO SPRINIE BE IO JLOP T SWOSUEdWOD ML, HUOVADIVULIO PUE ‘we/AONVILLIO

‘wieysdngy ‘porctodioin] csxdeped oiemyos snotea ol wisos pownmdpdp se wdues apaisiuog

pue opmnier fing o1 Jupsawoa (*y) fipes gt SOUIYIP (%] PPpow Jo noyd JnowoD) *qT9 2intl,
(S334930) 30N119NCT (s33¥930) 3CNLIONOT

09 00t OyT OBF OCF 09 Y 0S¢ 00f oO¥z OBL O0ZL 09 0

| B N, e L
w < m os—
-

-

o -——

R4

R = a"

uiod /2bnjy—paiojodiajy S¢

(s334920) 2anLIN
Q
(s334¥930) 30NLIV

U109 /30vy1d0—uiod /36n;y
mmwwmouov 3JaNUONOT Am.wwmomov 30NLIONO

03¢ 00€ O¥C 08L 02t O 03¢ 00t Oo¥c 0BL O 09 0

9 0
= N 2
=10 N— 05— —\0 ]

. Ty el 4 B
4491/30vildo—paiojodiau

r\’rr\rl l/r.

wod/30vy1d0—pajoiodsaiu)

tJ}

"CO00L = SPAYIY Q'DSGL = 4004 I SITRUe) D0uTuR) Qg NeuS—

s

| { | {

N | 1 |

K3 & ° 5,"
(5334930) 3eNLUV]
| 1 | 1
i 1 1 |

2 3 & ° 'é,? 5’;
(s32y¥930) aanLuvi




iere as the top two panels which show the differences between Interpalated and
tiprrace/Caln and OPTRACE/IGREF, respectively, show very similar difference contours.
iha differences between Interpolated and Kluge/Cain are very small (most of the contours
are 0. level contours). ‘This is expected since the Interpolation tables were derived from the
results of Kluge/Cain. ‘Thus, the differences between Kluge/Cain snd OPTRACE/Cliin (lower
night paricl) are nearly the same as those scen for Interpolated and OPTRACE/Cain (upper
l2ft panel).

These same propertics are séen in Figure 6.1b as well. Here, comparisons are made at an
altitude of 10,000 km. The differences are a bit smaller than at 350 km.  Again, the top two
plats and the lower right plot Jook very similar due to the close agreement between the Cain
and IGRF maodels and the close agreement between Interpolated and Kluge/Cain,  Agiin,
the smallest differences are found between Interpolated and Kluge/Cain {lower left plot).
Houever, when the discrepancy between the dipole moments arose, these results ehanged a
Ltedz bit. Re-gvaluating Kluge/Cair: with the updated momesit led to batter agreement
between Kluge/Cain and OPTRACE/Cain than is seen for Interpolated and Kluge/Cain.
Note, one is not able to similarly update the interpolation tables, they must be regencruted
fzom results which were obtained with the current moment. Thus, in Figures 6.2a and 0.2b
(354 km and 10,0000 kim, respectively), the picture has changed somewhat from Figures G.1a
Jnd 6.1b. One now sces the best agreement between Kluge/Cain and OPTRACE/Cain
tlower right panel) and the other three plots have very similar difference eontour
Jistributions. Note, the differcnces have not increased.

n2 COMPARISONS AT SPECIFIED LONGITUDES

‘The high latitude line plots taken at four longitudes over the globe (202, 1509, 2009, an: 290°
east longitude) show the results from Interpolated, Kluge/Cain, OPTRACE/Cain,
OPTRACE/IGRF (Figure 6.3). Al this resolution, no difference between the four routines
cin be seen.

A plot done over the 2200 latitude range shows the offset of the Interpolated results from
the those of the other three (note the current moment was used in Kluge/Cain here) in
Figure 64. The Interpolated results are represented by the solid line st higher L values than
the other three (which appear to be one line, the dashed, dotted, and dot-dash lines all plot
vver each other). When this was first done with the old moment, Interpolated and
Kluge/Cain plotied over each other and were offset from the OPTRACE results to higher
L:nlucs of L. ‘This is what is expected since a higher dipole moment leads to higher values of

To separate the models a little better, a plot with details on & much smaller scale was done,
Figure 6.5. Here a line plot like that shown in figure 6.4 was done at 80° east longitude and
15,000 km altitude for 1990. Two boxes are drawn on the plot on the left to show the
regions which are detailed on the right. Figure 6.5 was produced using the old dipoie
moment. Thus, in both deuwils, Interpolated and Kluge/Cain sre very near each other and
are shifted to a higher L than the OPTRACE results which are also near each other. Note,
the upper panel has a scale which is twice as large as that of the lower plot. The differences
are small, but not negligible. In the upper plot, Interpolated und Kluge/Cain are about .04
ﬁu din'ctzrenl. In the lower plot, the difference is roughly .025 for Interpolated and .03 for
luge/Cain.
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Figure 64. Linc plots similar to those in Figure 6.3, but over a smaller latitude range. Even at this
resolution, the differences between the models are very small.  Here, the current value for the dipole
mement has been used, thus, only Interpolated results are offsct from the other three routines. The top
panel shows the differences at 350 km and 80° cast longitude for 1990.0. The bottom pauel is the same
plot donc fer epoch 10,000 km. The offset is larger for the higher altitude, but Kluge/Cain,
OPTRACE/Cain, and OPTRACE/IGREF still agree very well.
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Using the current dipole moment in Kluge/Cain brings it into closer agreement with the
OPTRACE results as seen in Figure 6.6. In the left panel of figure 6.6, Kluge/Cain now
coincides with the OPTRACE results. The upper detail shows a shift of about .03 Ry; closer
to the OPTRACE points. The lower detail has z slightly larger shift than that, placing
Kluge/Cain a little bit lower than the OPTRACE points. Clearly, the different dipole
moment makes a significant difference in the L-shell results (see Table 6.1)

0.3 TIMING COMPARISONS

0.3.1 Optimizing the Code

At the start of this project, OP'IRACE was modified to perform internal field calculations
unly without nny external contributions, It was further modified (o include the other three
mudels (Barraclough, MAGSAT, and Cain). Tha MAGSAT model was comprised of n=50
terms, which were very time consuming to evaluate. Thus, MAGSAT was used in three
Jifferent subroutines for the modified OPTRACE which allowed the user to select
interactively whether to use the full blown n=50 set or one of the two smaller sets, one
truncated at n=15 and the other at n=20. Throughout all of the modifications, tests were
run to check for accuracy and efficiency. Up until the full field comparisons were run for
each of the models (using the n=15 MAGSA'T version), short tests were run on a selected
few points which spanned the latitude, longitude and altitude range. It was found that the
differences were small between MAGSAT n=15 and n=50. Even though the detail of the
higher order model was lost, the time saved justified it (Table 6.2).

Another factor of interest when discussing efficiency is that of the number of segments (or
steps) used in integrating over the field line. The more segments used, the better the
accuracy will be. However, this cen also become time consuming, so one needs to sacrifice
some of the accuracy for the sake of efficiency without compromising the integrity of the
results.  For the purpose of this report, 50 segments were found to be sufficient (Table 6.3).

0.3.2 Comparisons with Cain's Routines

Having resolved these questions, the full field comparisons were done using OPTRACE with
50 segments (Table 4). Clearly, these were time consuming computations. In comparing the
efficiency of OPTRACE with the two codes sent by Cain, it became necessary to remove all
of the extraneous calculations done in OPTRACE so that only L was being determined.
'This would have proved to be an intricate task, so to save a good bit of cffort, HMIN was
modified for the purpose of simply finding L. HMIN uses essentially the same routines as
OPTRACE and by repiacing two subroutines, it was made into the same algorithm as that
in OPTRACE for consistency sake. There is a difference rezarding the length along the
field line each of these routines traces. OPTRACE traces to the 100 km intercept whercas
HMIN goes only to the conjugate point (see Chapter 4). Thus, HMIN is the faster s f the
two routines.

For the full fields obtained for 1985, the modified Hmin routine was used to obtain L. The
CP time required to do so was then compared to the Kluge/Cain integration method and to
th Interpolation tables (Table 6.5). For internal fields only, the interpolation is the most
efficient. However, to really take advantage of this, one needs to update the tables with the
current dipole moment. The integration sent by Cain is also significantly faster than the
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Table 6.1, Changes in the Dipole Moment and Position as Caleulated by Barraclough 1975,
MAGSAT 1950, IGRF 1985, and Cain 1990 Extrapolated to 1990.5, 1975.5, and 19%65.5.

Dipole Attribules

Moment

Qifset from Center

tin Ry)

Latitude

Longiude

Year

1990.5
1975.5
19655

19%0.5
1975.5
1965.5

1990.5
1975.5
1965.5

1990.5
1975.5
1965.5

Darraclough

0.30255
0.30687
0-3@75

0.05000
0.07460
0.07118

23.6
19.9
17.2

147.2
147.9
148.5

63

Magsat

0.30270
0.306%9
0.30987

0.08114
0.07456
0.07075

218
198
183

146.3
142.7
148.7

IGRF1585

0.30285
0.30703
0.30983

0.08100
0.07504
0.07114

213
200
19.1

146.1
1477
1489

Cain

0.302%
0.30700
0.30980

0.08138
0.07425
0.06402

21.2
20.1
193

140.0
145.0
149.4




1able 0.2, Dilferences in L values due 19 using more coefficients in the Magsat model.
Mure u,)e(ﬁclﬁ)cms lead 10 more detail, Van?mlarlial low altitudes. However, bﬁsc.d on the
comparisons below, the improvement did npl.‘dt:;my the additional computation time

rXJLacu vy e greater number of cocfficients (V.40 times longer).

GLAT GLON ALT L~SHEL(15)  L-SHEL(50) AL(15-50)
Ne, % Q& W19%9 28.14000 <0004}
0. 72 0. SASK A0 00020
0. 108, 0. 1.849% 154930 200G .
0. 144, 0. 110648 110647 00001
) 1%, 0. 319 S0 « 0000}

0. 26, 0, 58005 91992 00013
20, 252, 0. 105520 10852 - 00003 '
40 288, 0. 121467 127473 « 0006
0, o, 0, 22160 221627 00003
50, 0. 656247 6.70409 14162
8S. 3%, 500, 23218 232111 DOXH
0. 23 500, 5.6468) 564677 00033
1, 108, 00, 1.965%66 1.969%6$ 00001
10, 180, 300, 103940 105940

o 26, 00, 1.05868 105867 00001
2 252, 300, L1049 L1370 -00001
-0, 288, 00, 137512 137512
40, A, 00, 2417 24179 -00001
30, %0, 500, 743303 743300 00003
85. 3. 1000, 3053374 20.52370 00004
0 72 1000, 5.90096 5.5004 00002
S, 108. 1000, 209167 209166 00001
%, 14, 1000, 128178 128178 -
10, 180, 1000, 113547 113587

0. 216, 1000, 113705 113708
20, 252, 1000, 1.21287 121287 o
-0, 28, 1000, 147588 147588
40, 3, 1000, 261466 261466
50, 360, 1000, 831703 831702 00001
85, %, 5000, 4104362 41.04362
70, 72 5000, 8.19541 8.19541
50, 108, 5000, 309150 309190 -
3. 144, 5000, 1.98775 198775 o
10. 180, 5000, 175498 175498

0. 216, 5000, 176321 176321 -
-2, 252, 3000. 1.85660 1.85660
-0, 288, 5000, 2.28891 2.28891
60, 3, 3000, 416962 4.16962
50, 360, $000. 1546061 15.46061
8s. 3%, 10000. S4.94462 5494462 -
70. 72 10000, 11.28208 11.28208 -
50, 108, 10000, 4.36666 4.36666

; 3. 144, 10000, 287586 287586
10. 180. 10000, 2.5%10 25%10

! 0. 216. 10000, 2.54807 254807 -
-20, 252, 10000, 266963 266963
40, 288, 10000, 330894 330894 -
60, A, 10005, 6.09631 6.09631
80, 360, 10000, 41243 2441243
us. 3%. 15000, 69.10153 69.10153
70. 72 15000, 1443114 14.43114 -
50, 108, 15000, 5.65149 565149
30, 144, 15000 3.76838 3.76838 v

10, 180, 15000, 332745 332745

0. 216. 15000, 33317 33M17
20, 252, 15000. 348378 348378
-40, 248, 15000, 4.329% 432936 .
60, 24, 15000, 8.02087 £.02087
-80. 360, 15000, 33.35608 3135608 -




Iable 6.3, Differences in L values due 10 using mog: segments in the inlc&mlim\ of the ficld
line., More segments leads to Tr)rc;ucr accuracy, however much more CPU time is then
required to do the eimluauon 1.77 times ionger). The improvement of 100 segpments over SO
sepments was_not deemed suthicient 1o warrant 'the additional time required for the full ficld
wmparsons for this report.

GLAT  GLON ALT  IGRF(SEGS=50) IGRF(SEGS=100) DIFFERENCE
13 3. 0. 2802248 280522} 02985
0. 2 0. 317 39588 00418
& 108. 0. 184718 184766 + 00043
p o 144, 0. 110881 11058} 00002
10 189. 8. K29 58300 « (001

0. 6. Q. 98014 96014 00000
‘it pay A 0. 1.05618 1.05619 = 00001
-4 28 0. 1.274\ 121470 =0000?
{4, I 0. 221627 221781 -00184
-89, X0, 0. 635010 656058 01048
8S. 3. 500, 29.19632 29.22007 -02175
70. 72 300, 56318 S.65M 00411
0. 108. S00. 196743 1.96538 00005
3. 144, 0. LI9M0 11946 - 00006
1, 180. 00 1.05920 1.05931 +,00001
0. 216. 0 L0381 105878 -,00001
2 282, 500, 11347 L1350 -00003
A0 283 300, 137503 137518 00018
L4 24 300, 241701 241791 «000%)
-0 0. 300. 742500 7428 00928
8$. . 1000. 2041567 2042866 <0129
m 72 1000. 584853 5.8908S 00232
Su, 108. 1000 208936 200028 00092
K/} 1. 1000. L28112 128121 = 00000
10. 180. 1000, 1.13582 113584 -,00002
0. 216. 1000. 113716 113718 =,00002
-2, 252, 1000, 1.21351 1.2{255 « 00004
=0, 258. 1000, 147514 147620 - 00046
60, . 1000, 2.61405 261580 +00175
=80, 360, 1000. 830901 831489 -~ 00588
85. 36. 5000, 4087692 4088656 - 01006
70. 72 5000, 81804 8.18469 «00429
$0. 108. 5000, 3.0889%4 3.08986 00092
0. . 5000. 1.98704 1.98756 »,00052
10 180. 5000, 1.75502 1.75535 - 00033
0. 216. 5000, 176341 176358 +00017
20, 252 3000. 185671 1.85728 - 00057
«40. 288, 5000. 228834 2.28959 -00105
60, A, 5000. 416793 4.16926 «00133
-80. 360, 5000, 1544047 1544737 = 00690
8s. 3. 10000, 5472477 5473180 «00703
70. 72 10000, 11,2620 11.26473 00243
50, 108, 10000, 4.36204 436490 -0019%6
30. 144, 10000, 287506 287641 -00138
10. 180, 10000. 25915 253952 00037
0. 216. 10000, 2.54827 254857 -00030
20, 252, 10000, 266947 2.67000 -,00053
40, 258, 10000, 3.0815 330901 00086
60, A, 10000, 6.09358 6.09528 -.00170
-80. 360, 10000, 2438652 249253 00601
85. 3. 15000, 68.82715 6883137 =00422
70. 72 15000, 14.40627 1440871 -00244
50. 108. 15000, 5.64692 5.64828 -.00136
3. 144, 15000. 3.76147 3.768%9 -00092
10. 180, 15000, 332752 332827 00075
0. 216. 15000, 33U 33473 00034
-20. 252, 15000, 348343 3.48408 -00065
0. 288. 15000, 432814 432982 -00168
-60. U, 15000, £.01708 8.01898 -00190
-80. 360. 15000, 3331976 3332451 -00475
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‘Iuble 64. Ratios of the required CPU time for the full fiekd L-shell evaluations using the
four models in OPTRACE. L determined for every 5° in latitude over +75° and for every
R in longitude.  Various altitudes were grouped together for the computations as indicated.
"The average computation time for altitudes between 0 km and 10,000 km using IGRF 1985
extrapolated to 1988 was used as the unit time.

ALTS YEAR Barraclough Magaat IGRF 1985 Cain
S00km-1000km 1950 1279 1.874 0.951 1.865
(step=500km) 1954 1.290 18711 0.960 1.878
1958 1.289 1.887 0549 1.854
Okm-10,000km 1980 1.380 2011 e 2.014
(step=2000km) 1982 13719 2.001 1.020 2013
1984 1.383 2.002 1.024 2.010
1986 1.376 2,016 1.024 2.014
1988 1378 2,009 1.017 2,003
1990 1373 2014 1.018 2.004
15,000km-40,000km 1950 2.204 3.220 1.641 3214
(step=S000km) 1934 2211 3.229 1.648 3.239
1968 2210 3.227 1.645 3227

‘Tuble 6.5. Ratios of the CPU time required by HMIN, Kluge/Cain Integration, and
Interpolation. These are full field evaluations of L taken every 5° over +75° in latitude and
over every 10° in longitude. The computations weie done for various altitudes, grouped as
indicated. All evaluations were for 1985. The average computation time for altitudes
between Okm and 10,000km using IGRF 1985 extrapolated to 1988 was used as the unit time.

ALTS 500km—1000km 2000km—8000km  10,000km~40,000km
(step=500) (step=2000) (step=5000)
Interpolated 0.003 0.003 0.003
Integrated 0.052 0.042 0.044
HMIN(Cain-50) 0.812 0.817 1.443
HMIN(IGRF-50) 0.411 0.411 0.733
HMIN(Cain-100) 1.305 1,268 2.297
HMIN(IGRF-100) 0.663 0.637 1.138




tzchnique used in OPTRACE or HMIN, ‘This is due to the use ¢f inverse coordinates
«eniered on the dipoie so that one integrates over a straight line rather than a eunve a5 in
OPTRACE,
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